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General introduction
Our ability to rapidly learn and remember various kinds of new information, including information 
about items, associations, and their spatiotemporal and emotional context, suggests that we possess 
a highly flexible memory system (Schacter, 1995, 2001; Schacter and Addis, 2007). This flexibility is 
thought to allow us to adapt rapidly to constantly changing environments. Although research in 
psychology has outlined the functional properties of such a system involved in a variety of mnemonic 
processes, we still understand little about how this flexibility is constituted by these processes at the 
level of the brain and even less about their adaptive functions.
This thesis focuses on the topic of human adaptive (episodic) memory by investigating (1) basic 
contributions of the medial temporal lobe and the prefrontal cortex to compositional and flexible 
episodic memory, and (2) their adaptive properties under task-irrelevant interference and acute 
psychological stress. In this chapter, I will start with introducing the background of research in 
human adaptive (episodic) memory and related open questions, and end with aims and outlines of 
the studies reported in this thesis.
1.1 Human adaptive (episodic) memory and its properties
1.1.1 History of research on human adaptive memory
The view of human memory as an adaptive system has a long history in the field of psychology (see 
Figure 1.1). In the 1930s, the psychologist Frederic Bartlett argued for the flexibility of the human 
memory in his classic book ‘Remembering’ (Bartlett, 1932). According to Bartlett, memories are 
often distorted in terms of our prior knowledge, and are therefore not accurate reproductions of the 
past. In the 1950s and 60s, cognitive psychologists began to consider human memory as a 
multidimensional rather than as a unitary construct (Miller, 1956; Sperling, 1960; Atkinson, 1968). 
For instance, Atkinson and Shiffrin (Atkinson and Shiffrin, 1968) proposed that memory involves a 
sequence of three stages, namely, sensory, short-term, and long-term memory. Thereafter, other 
multi-component models were proposed, such as semantic versus episodic memory, as introduced 
by Endel Tulving in 1972 (Tulving, 1972) and detailed later in his classic book 'Elements of episodic 
memory" (Tulving, 1983). These theoretical advances have given rise to the contemporary view of 
memories being actively constructed by piecing together separate bits of information, rather than 
simply recorded and reproduced like a video camera. Recently, converging evidence from 
contemporary neurocognitive studies have led to the emergence of the view that memory involves a 
variety of neurocognitive operations mediated by distinct neural circuits (Schacter and Addis, 2007; 
Bar, 2009). These constructive processes, characterized by high levels of compositionality and 
flexibility, are thought to allow memories to serve diverse functions to guide our thoughts, actions, 
and even emotions under various circumstances.
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1.1.2 Compositionality and flexibility of episodic memory
A compositional view of memory implies that a memory of an experience does not consist of a single 
unitized representation, but rather, comprises various kinds of representations that are 
reconstructed by piecing together and integrating its individual elements into a coherent episode
_____________________ ^  fM R I
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Figure 1.1 Timeline of research on human adaptive memory. (1) Since Bartlett's work in 1932, human 
memory has been thought to be an actively constructing rather than a passively recording system in the 
field of psychology; (2) In 1960s, cognitive psychologists started proposing multi-store memory models 
involved in multiple cognitive processes; (3) Contemporary researchers have begun to map cognitive 
processes presumed to be involved in human (adaptive) episodic memory onto the brain. Notes: ERP, event- 
related potentials; fMRI, functional magnetic resonance imaging.
(Paller and Wagner, 2002; Eichenbaum et al., 2007; Schacter and Addis, 2007; Henke, 2010b). 
Particularly, the elements of such a compositional memory are not unitized into an inseparable 
representation but are accessible individually. Thus, such memory representations can support 
qualitatively different memory functions in various circumstances (Schacter, 2001; Paller and 
Wagner, 2002), like remembering items versus associations or remembering large amounts of detail 
versus the central theme of an episode (i.e., gist). Moreover, the putative multi-representational 
nature of such memories implies that they possess a degree of representational flexibility and can be 
reactivated through multiple routes (Henke, 2010b).
1.1.3 Adaptive properties of episodic memory
To construct compositional and flexible memory representations, multiple cognitive processes must 
act simultaneously and in a concerted manner during learning. In real life, however, learning often 
takes place in challenging situations, such as during concurrent distraction or under stress. When 
facing high levels of interference, memory formation may require enhanced selective extraction of 
relevant information from irrelevant background noise. Also, exposure to acute stress often results in 
a selective enhancement of emotional aspects of episodic memory at the cost of peripheral and 
emotionally neutral contextual details (Payne et al., 2002; Payne et al., 2006; Payne et al., 2007). 
Acute stress moreover is thought to impair higher-order cognitive functions such as working 
memory in order to prioritize rapid and more habitual responses (e.g., 'fight-or-flight') (de Kloet et al.,
10
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2005; McEwen, 2007; Joels and Baram, 2009). Such alterations are adaptive as they reflect a 
transient shift in brain processing towards processing information most relevant to survival.
1.2 Key neurocognitive processes in human episodic memory
Cognitive psychological memory research proposed that multiple forms of constructive processes are 
involved in episodic memory, such as (intra)item-based and relational binding (or associative) 
processes, as well as top-down modulations (Mandler, 1981; Tulving, 1983; Schacter, 2001). These 
processes are thought to be mainly mediated by distinct neural circuits in the medial temporal lobe 
(MTL) and the prefrontal cortex (PFC).
Figure 1.2 The MTL regions and the PFC are involved in episodic memory formation. The MTL, consisting of 
the hippocampus and its surrounded rhinal (perirhinal and entorhinal) and parahippocampal cortices, and 
the lateral PFC show similar activation related to successful memory formation. A dapted from (Fernandez and 
Tendolkar, 2001)
1.2.1 The MTL and its mnemonic operations
The MTL has been known to play a crucial role in declarative memory since Scoville and Milner first 
described patient HM in 1957. HM suffered from almost complete anterograde amnesia after 
bilateral surgical resection of the MTL, including the hippocampus, to relieve epilepsy (Scoville and 
Milner, 1957, 2000; Corkin, 2002). Thereafter, functions of this region have been widely investigated 
in studies on human patients with MTL damage and animals with tailored MTL lesions. Anatomically, 
the MTL comprises the hippocampus and its surrounding entorhinal, perirhinal and 
parahippocampal cortices (see Figure 1.2). These subregions, with different anatomical architecture 
and connectivity, are thought to play distinct contributions to episodic memory (Eichenbaum et al.,
2007). An important focus of cognitive neuroscience of memory is therefore to elucidate how MTL 
subregions contribute to episodic memory through their distinct roles in mediating constructive 
processes.
(1) Item and relational binding (or associative) processes
One key feature of episodic memory is the ability to remember and bind separate single elements of 
an experience into one coherent episode (Tulving, 1983; Eichenbaum and Cohen, 1988; Bar, 2004;
11
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Eichenbaum, 2004; Davachi, 2006). Evidence from studies in both rodents and humans has suggested 
that individual elements of such memories are thought to be represented in distributed neocortical 
association areas, the role of MTL appears to be to bind these representations into a coherent 
episode (Squire and Cave, 1991; Squire and Zola-Morgan, 1991; Eichenbauma et al., 1994). However, 
a long standing controversy has focused on the question whether neural processes in MTL 
subregions leading to a memory for individual items (i.e. item memory) differs from processes 
underlying the formation of compositional or associative memories (Davachi, 2006; Diana et al., 2007; 
Eichenbaum et al., 2007), or whether the MTL contributes to episodic memory in a unitary (or 
unified) way regardless of item and associative memory (Squire et al., 2004; Squire et al., 2007).
(2) Classical (or simultaneous) and discontinuous associative processing
Another important characteristic of episodic memory is the ability to memorize experiences that 
unfold over extended periods of time and occur at different places (Tulving, 1983). Such a capacity 
implicates the ability to form discontinuous associations, i.e., to bind different aspects of an 
experience that do not overlap in time or space at the time of encoding. Such discontinuous 
associations can be contrasted with typically tested associations in with the constituents are 
presented simultaneously and in spatial neighborhood. Animal models suggest that the hippocampus 
plays a crucial role in bridging the temporal gap between items that are to be associated. For instance, 
trace conditioning, in which there is a temporal discontinuity between the conditioned stimulus (CS) 
and the unconditioned stimulus (US), shows much more hippocampal dependency, as compared to 
classical conditioning (Wallenstein et al., 1998; Eichenbaum, 2004). In humans, evidence from one 
functional neuroimaging study has suggested that encoding of discontinuous associations may 
require additional cognitive resources, such as strategic rehearsal and manipulations of 
representations that are actively maintained in working memory (Luo and Niki, 2005). However, 
little is known about the neural mechanism underlying this type of associative memory, especially 
regarding episodic memory.
1.2.2 Prefrontal cortex (PFC) and its top-down modulations
The role of the PFC in episodic memory is increasingly acknowledged in recent years. In particular, 
ventrolateral and dorsolateral PFC regions have been implicated in specific aspects of episodic 
memory (Simons and Spiers, 2003). For instance, patients with damage to the ventrolateral PFC have 
impairments related to semantic retrieval, elaboration, and monitoring subjective sense of 
recollective experience (Burgess and Shallice, 1996; Schacter et al., 1996a; Simons and Spiers, 2003). 
In contrast, patients with damage to the dorsolateral PFC show deficits in remembering the temporal 
order or the source of remembered information (Shimamura et al., 1990; Incisa della Rocchetta and 
Milner, 1993). Recent functional neuroimaging studies have confirmed that the ventrolateral and 
dorsolateral PFC are involved in semantic elaboration, cognitive control of attention allocation, and
12
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working memory (Wagner et al., 1998; Henson et al., 1999; Otten et al., 2001; Badre et al., 2005). 
However, it remains unclear how such prefrontal processes, together with the MTL, contribute to the 
construction of episodic memories.
1.3 Adaptive changes of medial temporal and prefrontal processes
The human memory system has a remarkable capacity to adjust its functioning to ever changing 
circumstances. In this thesis, I will focus on two such challenges that occur commonly in daily life: 
learning under interfering noise and during psychological stress.
1.3.1 Medial temporal memory processes under interfering noise
In daily life, information that is to be encoded into memory has to be often extracted from a 
background of task-irrelevant information. Forming cleanly defined and discrete memories against 
such a background requires a reduction of ambient noise. Research on attention has demonstrated 
how sensory systems in inferior temporal cortex selectively process task-relevant information while 
filtering out task-irrelevant noise through a mechanism of selective attention and inhibition (Hillyard 
et al., 1973; Heinze et al., 1994; Kastner et al., 1998; Kastner et al., 1999). It is unknown, however, 
what role such processes play during memory formation under interfering noise, and how these 
interact with MTL memory processes.
1.3.2 Medial temporal and prefrontal processes under acute stress
Psychological stress has a powerful impact on learning and memory. Besides strengthening memory 
for the central aspects of stressful episodes, stress often results in memory distortions for peripheral, 
emotionally neutral information (Loftus, 1979b; Kensinger, 2008). Also, acute stress rapidly disrupts 
higher-order cognitive functions such as working memory (Arnsten and Goldman-Rakic, 1998; 
Elzinga and Roelofs, 2005), which may further affect episodic memory formation. Such effects are 
thought to be mediated by stress-related neuromodulators such as catecholamines (Aston-Jones and 
Cohen, 2005; Arnsten, 2009; Sara, 2009) and glucocorticoids (de Kloet et al., 2005; Joels et al., 2006).
Exposure to a stressor triggers physiological and psychological responses that promote 
reinstating homeostasis. One of the fastest stress responses is the activation of the sympathetic 
nervous system (SNS), which is accompanied by elevated central release of catecholamines (Aston- 
Jones and Cohen, 2005; de Kloet et al., 2005; Arnsten, 2009; Sara, 2009). This elevation is thought to 
modulate rapidly functioning of a widely distributed network including the MTL and the PFC through 
abundant catecholaminergic ascending projections. According to an integrative theory of 
catecholaminergic systems in neuromodulation of cognition (see Figure 1.3), levels of 
catecholaminergic activity exhibit an inverted U-shaped relationship with cognitive performance. 
Intermediate levels of catecholamines, characterized by predominantly phasic neural firing patterns, 
optimize cognitive performance, whereas stress-level tonic catecholaminergic hyperactivity is
13
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associated with disengagement from an active task and a search for adaptive or alternative behaviors 
(Aston-Jones and Cohen, 2005; Arnsten, 2009). In this sense, catecholaminergic signaling is thought 
to play an important role in reallocation of neural resources during acutely stressful experiences 
(Bouret and Sara, 2005). One question raised is how such stress-induced changes of catecholamines 
may disrupt neurocognitive processes mediating memory systems. It is known that a variation in a 
gene coding an intracellular enzyme (Catechol-O-methyltransferase, COMT), determines individual 
differences in catecholaminergic function (Lotta et al., 1995), modulates high-order cognitive 
functions engaging the PFC (Sawaguchi et al., 1990; Mattay et al., 2003; Birnbaum et al., 2004; 
Arnsten and Li, 2005; Meyer-Lindenberg et al., 2006). Thus, another open question is whether this 
variation may influence effects of stress on neurocognitive functions in the PFC.
On a slightly longer time scale, another stress response is the activation of the hypothalamic- 
pituitary-adrenal (HPA) axis, which regulates the release of glucocorticoids (cortisol in humans) (de 
Kloet et al., 2005; Joels et al., 2006). Elevated glucocorticoid levels promote normalization after a 
disturbance of homeostasis, but may additionally affect brain function through corticosteroid 
receptors that are abundant in the MTL and PFC. Extensive evidence from studies in animals and 
humans has confirmed that glucocorticoids, often in interaction with noradrenergic activity, indeed 
affect learning and memory (de Kloet et al., 2005; Joels et al., 2006; Roozendaal et al., 2009b). Several 
studies in humans have moreover shown that synergistic activation of the SNS and HPA-axis exert 
the most reliable impairments of working memory performance (Elzinga and Roelofs, 2005; Schoofs 
et al., 2008). Altogether, it remains largely an open question how stress-induced changes of 
catecholamines and glucocorticoids affect memory-related MTL and PFC functions in the human 
brain.
1.4 Imaging medial temporal and prefrontal memory systems
1.4.1 BOLD fMRI and subsequent memory analyses
14
General introduction
Functional magnetic resonance imaging (fMRI), one of the most recently developed forms of 
neuroimaging techniques, measures the hemodynamic response (change in blood flow and blood 
oxygenation) that is related to neural activity (Roy and Sherrington, 1890). In the early 1990s, Ogawa 
and colleagues first discovered that the Blood Oxygenation Level Dependent (BOLD) contrast can be 
used to detect local changes in neural activity (Ogawa et al., 1990). This MR contrast was then 
successfully applied to produce high-spatial resolution functional brain maps in humans (Belliveau et 
al., 1991; Kwong et al., 1992; Ogawa et al., 1992). BOLD-fMRI has since been greatly sophisticated 
and is now widely used as an indirect measure of neural activity throughout the whole brain.
Figure 1.4 Example of subsequent memory analyses for fMRI data as implemented in the studies in this 
thesis.
The emergence of event-related BOLD fMRI at the end of the 1990s provided the opportunity to 
quantify neurocognitive processes which constitute episodic memory system. In particular, neural 
responses related to the formation of new memories can be segregated as a function of whether 
specific events are later recalled or recognized in subsequent memory test(s) or not (see Figure 1.4) 
(Brewer et al., 1998; Fernandez et al., 1998; Wagner et al., 1998). Such subsequent memory analyses 
were initially developed for electrophysiological approaches like event-related potentials (Sanquist 
et al., 1980). Since then, it has been widely used to elucidate neurocognitive processes supporting 
memory formation. With different experimental manipulations during memory encoding, moreover, 
this approach can address how different neurocognitive processes contribute to qualitatively 
different memory phenomena, and how interfering noise and psychological stress modulate neural 
processes underlying learning and memory.
1.4.2 Other techniques: assessments of physiological stress and genotype
In addition to the central measurement of fMRI in this thesis, autonomic and endocrine, as well as 
psychological measurements were acquired to assess the physiological and psychological responses
15
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to an experimental stressor. Heart rate and pupillometry were continuously recorded throughout 
fMRI scanning, and salivary cortisol samples were collected at various time points. Elevation of heart 
rate and pupil dilation responses can be considered as indirect indices of sympathetic activity. 
Concentration of cortisol in saliva reflects free serum concentrations, and is considered an index of 
HPA-axis activity (Kirschbaum and Hellhammer, 1994). Concentrations of a-amylase in saliva, 
moreover are seen as a measure of noradrenergic activity (Rohleder et al., 2006). Catechol-O- 
methyltransferase (COMT) genotype was determined for each participant Importantly, all these 
measurements can be correlated with fMRI and behavioral data to investigate how stress-related 
changes of neuromodulatory activity affect neurocognitive processes and behavior.
1.5 Outlines of the thesis
The seven empirical chapters of this thesis present a consecutive line of studies, each using a 
multidisciplinary approach (i.e., combining fMRI with endocrine and physiological stress measures, 
eye-tracking, and genetic imaging techniques) to address the following two aims, central to present 
day memory research.
Figure 1.5 Schematic overview of this thesis, including two arms of the dissertation project with seven fMRI 
experiments (Chapter 2 to 8 ). Notes: MTL, medial temporal lobe; PFC, prefrontal cortex.
The first aim of this thesis (Arm 1) is to delineate the basic functions of the MTL and the PFC in 
support of multiple forms of constructive processes involved in episodic memory formation. To do so, 
the following three experimental questions will be addressed in three studies reported in this thesis: 
First, do the hippocampus and the parahippocampal regions play distinct roles in item and
16
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associative memory formation? Second, how do the MTL and the PFC support discontinuous 
associative memory formation? Third, how do the MTL and the PFC contribute to memory strength 
as characterized by two distinct retrieval characteristics: objective memory accuracy and subjective 
confidence? The studies reported in chapter 2 to 4 address these questions by investigating neural 
activity during memory formation using neuroimaging methods.
The second aim of this thesis (Arm 2) is to investigate how interfering noise and acute 
psychological stress alters memory-related functioning of the MTL and the PFC. Building on the 
issues raised in the first arm, four experimental questions will be addressed. First, we investigate 
how interfering noise, here introduced by a concomitant working memory task, influences medial 
temporal memory processes related to discontinuous associative memory formation. Second, we 
investigate how acute stress alters MTL functions supporting episodic memory formation. The third 
question focuses on how acute stress modulates working memory-related activation of the PFC, i.e., a 
function that plays an important role in top-down modulation of episodic memory formation. In 
rodents, stress-induced effects in prefrontal function have been shown to be mediated by alterations 
of catecholaminergic signaling, but human data in support of this notion is lacking. It is known that a 
genetic variation in COMT affects individual differences in basal catecholaminergic availability 
associated with neurocognitive functions in the PFC. The fourth and final question therefore focuses 
on whether this genetic variation modulates effects of stress on working memory related functions of 
the PFC.
Finally, in chapter 9 the thesis will be ended with a summary and general discussion of the 
findings in all the seven studies.
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Dissecting medial temporal lobe contributions to item and 
associative memory formation
Shaozheng Qin, Mark Rijpkema, Indira Tendolkar, Carinne Piekema, Erno J. Hermans, Marek Binder, 
Karl Magnus Petersson, Jing Luo, Guillén Fernández
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Chapter 2
Abstract
A fundamental and intensively discussed question is whether medial temporal lobe (MTL) processes 
that lead to non-associative item memories differ in their anatomical substrate from processes 
underlying associative memory formation. Using event-related functional magnetic resonance 
imaging, we implemented a novel design to dissociate brain activity related to item and associative 
memory formation not only by subsequent memory performance and anatomy but also in time, 
because the two constituents of each pair to be memorized were presented sequentially with an 
intra-pair delay of several seconds. Furthermore, the design enabled us to reduce potential 
differences in memory strength between item and associative memory by increasing task difficulty in 
the item recognition memory test. Confidence ratings for correct item recognition for both 
constituents did not differ between trials in which only item memory was correct and trials in which 
item and associative memory were correct. Specific subsequent memory analyses for item and 
associative memory formation revealed brain activity that appears selectively related to item 
memory formation in the posterior inferior temporal, posterior parahippocampal, and perirhinal 
cortices. In contrast, hippocampal and inferior prefrontal activity predicted successful retrieval of 
newly formed inter-item associations. Our findings therefore suggest that different MTL subregions 
indeed play distinct roles in the formation of item memory and inter-item associative memory as 
expected by several dual process models of the MTL memory system.
20
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2.1 Introduction
The ability to remember single items and to bind different aspects of an experience into a coherent 
episode are key features of episodic memory (Tulving, 1983, 2002). However, a fundamental and 
debated question is whether neural processes leading to a memory for individual items (i.e. non­
associative or item memory) differ from processes underlying memory formation for associations 
among disparate elements of an experience (i.e. associative or relational memory). One line of 
research suggests that distinct medial temporal lobe (MTL) subregions with different architecture 
and connectivity like the hippocampus and the parahippocampal gyrus, which is covered by 
entorhinal, perirhinal, and parahippocampal cortices, support distinct mnemonic operations along 
the dimension of non-associative item and associative memory (Eichenbaum et al., 1994; Brown and 
Aggleton, 2001; Yonelinas and Levy, 2002; Davachi, 2006; Eichenbaum et al., 2007). These two 
component models distinguish between the hippocampal contributions critically important for 
associative memories and the perirhinal contributions sufficient for item memory. More recently, 
Eichenbaum et al. (2007) extended their model into a three-component model in which the 
parahippocampal cortex contributes to associative memory by coding contextual information while 
the perirhinal cortex supports single item memory and the hippocampus supports associative 
memory by binding item(s) with relevant contextual information. Several lines of evidence support 
such a division of labor especially during memory retrieval, because item recognition memory is 
correlated with activation reductions in the perirhinal cortex while associative retrieval or 
recollection is correlated with a hippocampal activity increase (Henson et al., 1999; Weis et al., 
2004b; Gonsalves et al., 2005; Montaldi et al., 2006; Diana et al., 2007; Tendolkar et al., 2008).
Contrary to this divided labor account, another line of research suggests that MTL subregions 
work together in a cooperative and complementary way and thus differences found between 
hippocampal and parahippocampal contributions are rather related to memory strength instead of 
item and associative memories (Squire et al., 2007). In such a unitary MTL model, the hippocampus 
at the top of the hierarchy might be associated with stronger memories than the parahippocampal 
region, which is subordinate and thus associated with weaker memories. Several lines of evidence 
support this memory strength scenario, especially during memory formation (Rutishauser et al., 
2006; Tendolkar et al., 2007), because the parahippocampal region in particular the perirhinal cortex 
may support weaker memories for both items and associations. For example, activity in the 
hippocampus and the perirhinal cortex correlates with subsequent memory strength (Shrager et al.,
2008), and the perirhinal cortex appears also involved in associative memory formation (Jackson and 
Schacter, 2004; Kirwan and Stark, 2004; Staresina and Davachi, 2006; Uncapher et al., 2006).
Taken together, there are conflicting findings regarding the question whether hippocampal and 
parahippocampal contributions to memory formation are distinct between processes for item and 
associative memories or not. To tackle this issue, we developed a new design for our event-related 
fMRI study of memory formation mitigating two central problems. Firstly, to get the best possible
21
Chapter 2
separation of brain activity related to item and associative memory formation, we aimed at 
separating these processes not only behaviorally and anatomically, but also temporally. Therefore, 
we presented items sequentially with an intra-pair delay of several seconds and participants could 
not form task relevant associations when encoding the first event, because the second one was not 
yet known to them. Secondly, differences in memory strength between the item and the associative 
memory formation conditions may have been reduced. To do so, we increased the difficulty of the 
item recognition memory test by pairing each item to be memorized with an item of the same 
semantic category as a lure in the item recognition memory test. Furthermore, encoding trails (inter­
item associations) whose constituents were recognized with similar levels of confidence (i.e. memory 
strength) in the item recognition memory test, were further sorted into the unsuccessful (i.e. item 
memory) and the successful associative memory formation conditions, according to memory 
performance of the final associative recognition memory test. If we find similar item- and 
association-related subsequent memory effects in the hippocampus and the perirhinal cortex, our 
data would be in line with a unitary MTL model. However, if we find different subsequent memory 
effects despite similar memory confidence, our data would rather support a process dissociation in 
line with the two- or three-component models of the MTL mentioned above.
2.2 Materials and methods
2.2.1 Participants
Twenty-four young healthy university students (mean age = 23.8±3.5 years; 8 males) without any 
neurological or psychiatric history and normal/corrected-to-normal vision participated in this 
experiment. Participants gave written informed consent according to the local ethics committee and 
the declaration of Helsinki. We excluded behavioral and fMRI data from five participants: Four 
participants showed poor memory performance (mean correct rate b0.54 in either the item or the 
associative recognition memory test) and one participant caused excessive movement artifacts 
(larger than 6 mm).
2.2.2 Stimuli
We selected 824 color photographs of different objects depicted on a black background and covering 
a wide range of semantic categories from a commercially available database (Hemera Photo-Objects; 
http://www.hemera.com/). This stimulus set contained two exemplars of each object category (e.g. 
two hammers, two dogs etc.). One exemplar of each category was used as a study item and the other 
one as the lure for item recognition memory test. The assignment to the study and the lure set was 
balanced across participants. For each set, we created 200 pairs of semantically unrelated objects for 
the study phase, again balanced across participants, and six additional pairs for a pre-scan training 
session. In a separate pilot study, all pairs were screened by three additional participants to avoid 
semantically related objects being paired together. The 34 pairs in which at least one subject
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indicated initially a semantic relationship were modified so that no semantic relationship was 
detected in a re-test.
P a ired -asso c ia te  le a rn in g S u b seq u e n t m e m o ry  te s ts  (~  3 h later)
Event-1 Delay Event-2
Item m em ory test
1 2 3 
(New)
4 C 5 6 ' '
(Old)
A ssociative m em ory test
R ight/Left/U nsure
Figure 2.1 Experimental design. Each trial consisted of two unrelated objects presented sequentially during 
the paired-associate learning task inside the scanner. The first object (Event-1) was presented for 2 s, 
followed by a variable delay period (Delay: 6-10 s), and the second object (Event-2) was presented again for 
2 s. About 3 h after this study phase, participants performed item and associative recognition memory tests 
outside the scanner (see Task procedure for more details).
2
2.2.3 Task procedure
The experiment consisted of a paired-associate learning phase and two subsequent memory tests. 
During the study phase, fMRI scans were acquired while participants memorized 200 pairs of 
unrelated objects. Each trial started with the first object (‘Event-1’) presented at the center of the 
screen for 2 s, followed by a variable delay period (ranging from6 to 10 s in steps of 1 s; average 8 s), 
and then followed by the second object (‘Event-2’) presented at the center of the screen for 2 s (see 
Figure 2.1). Trials were separated by an inter-trial-interval (ITI) ranging from 6 to 10 s (in steps of 1 s; 
average 8 s). Participants were explicitly instructed to memorize objects and object-pairs for two 
subsequent memory tests. To make sure that each pair was perceived as such within a continuous 
stream of sequentially presented objects, we implemented two features: (1) The first object of each 
pair was presented together with an open bracket on its left hand side and the second one with a 
closed bracket on its right hand side; (2) a fixation cross was presented during the ITI between pairs 
and three horizontally grouped dots were presented during the intra-pair delay period. Thirty null 
events of 6 s duration and showing a central fixation cross were randomly inserted between trials. 
The whole study phase was divided into two runs. Prior to scanning, participants performed 
additional six trials in order to familiarize with task procedures.
About 3 h after the study phase, participants were asked to perform two memory tests outside 
the scanner. First, an item recognition memory test was given with 400 previously studied objects 
(all items from both Event 1 and 2) randomly intermixed with 400 related objects as lures.
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Participants were asked to judge whether each object was an old (studied) or a new (unstudied) 
object on a 6-point confidence rating scale (1 = absolutely sure it was a new object; 2 = somewhat 
sure it was a new object; 3 = guessing it was a new object; 4=guessing it was an old object; 5 = 
somewhat sure it was an old object; 6 = absolutely sure it was an old object). This task was self-paced 
with a minimal presentation time of 2 s and a maximal one of 6 s. Objects presented as the first event 
during the study phase that received a 6 or 5 rating in the item recognition memory test served as 
cue-objects for a subsequent associative recognition memory test. In this test, two-alternative forced 
choice paradigm (2-AFC) was used. That is, each cue-object was shown together with two studied 
objects presented as a second event during the study phase (see Figure 2.1). One of the two objects 
was previously paired with the cue-object; the other one was presented with a different object and 
served as a lure. This approach may bear a potential risk of reducing the power to detect associative 
memory formation, because the correct association could have been picked by exclusion. However, it 
appears more likely that most decisions are made on the basis of two actually present items instead 
of one absent and one present item and thus this approach is widely used (Sperling et al., 2002; 
Sperling et al., 2003; Dickerson et al., 2005; Chua et al., 2007; Miller et al., 2008; Hales et al., 2009). 
Participants were informed that all objects were shown in the study session as well as in the single 
item recognition memory test to ensure that the decision about the correct association was not based 
solely on familiarity. The position of the correct object on the screen was counterbalanced to the 
right and left side (see Figure 2.1). This task was also self-paced with a minimal presentation time of 
3 s and a maximal one of 8 s. Participants were asked to indicate by an appropriate button press 
which object had been associated with the cue-object during the study phase. Given the experimental 
design, the number of associations in the associative recognition memory test was limited to 100 
trials, because half of the second event objects served as lures. However, all participants had more 
than 100 item hits related to the first event with a ‘5’ or ‘6’ rating in the item recognition memory test 
and thus we selected randomly 100 objects for the associative memory test out of these hit trials. To 
exclude trials potentially contaminated by guessing, participants were instructed to give an unsure 
response if they did not remember which association was the correct one.
2.2.4 fMRI data acquisition
During MRI scanning, whole brain T2D-weighted EPI-BOLD fMRI data were acquired with a Siemens 
Sonata 1.5 T MR-scanner using an ascending slice acquisition sequence (35 axial slices, volume 
TR=2.75 s, TE=40 ms, 90° flip-angle, slice-matrix size=64x64, slice thickness=3.0 mm, slice gap=0.5 
mm, field of view=224mm). High-resolution structural images (1x1x1mm3) were acquired using a 
T1-weighted MP-RAGE sequence (volume TR=2250 ms, TE=3.93 ms, 15° flip-angle, 176 sagittal slices, 
slice-matrix size=256x256, slice thickness=1 mm, field of view=256 mm).
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2.2.5 fMRI data analysis
Image pre-processing and statistical analysis was performed using SPM5 (www.fil.ion.ucl.ac.uk/spm). 
The first five volumes of each participant's EPI-data were discarded to allow for T1 equilibration. The 
functional EPI-BOLD contrast images were realigned and the mean of functional images was 
coregistered to the structural MR image using mutual information optimization. Subsequently, 
functional images were slice-time corrected, spatially normalized, resampled to create 3 mm 
isotropic voxels and transformed into a common stereotactic space, as defined by the SPM5 MNI T1 
template, as well as spatially filtered by convolving the functional images with an isotropic 3D 
Gaussian kernel (8 mm FWHM). Encoding trials were sorted into several categories (see Table 2.1) 
based on subsequent memory performance. Transient neural activity associated with successful 
formation of associative and item memory is at issue. Therefore, we created separate regressors to 
assess the activity of the three temporal components in each trial (Event-1, Delay, Event-2) as a 
function of subsequent memory performance, and convolved these with the canonical hemodynamic 
response function. The onset and offset of the delay period vector were spaced apart from the first 
and the second event vectors by 2 s to increase the orthogonality of the regressors (Murray and 
Ranganath, 2007; Hannula and Ranganath, 2008). This approach resulted in an averaged co-linearity 
estimate of all pairs of regressors of less than 0.32. In relation to the item recognition memory test, 
encoding trials in which both the first event and the second event received a ‘1’, ‘2’ or ‘3’ rating were 
regarded as ‘forgotten’, encoding trials in which either one of the two events received a ‘4’ rating 
were regarded as ‘unsure’, and encoding trials in which the first event received a ‘5’ or ‘6’ rating were 
regarded as ‘Event-1 hits’ (see Behavioral results). Trials in which the first event was remembered 
were subdivided into the following categories depending on associative recognition memory test: (1) 
Single items remembered (‘item’): Both events (or items)were recognized, but incorrectly associated 
with the second event; (2) Associations remembered or successful associative memory formation 
(‘association’): Both events and their association were correctly recognized; (3) Trials in which the 
association was ‘remembered’ correctly, but the second event was not recognized were put into a 
separate bin, because they are likely contaminated by guessing and different levels of memory 
strength for the two constituents of an association. Also, all remaining trials were included into a 
condition ‘of no interest’. In addition, the realignment parameters were included to account for 
movement-related variability, and the low-level null events were modeled separately. The data was 
analyzed using the general linear model and statistical parametric mapping (Friston et al., 1995a). 
Statistical analysis in SPM5 included high pass filtering (128 s) to account for various low-frequency 
effects, global intensity normalization, and serial correlations correction using autoregressive AR(1) 
model.
The relevant contrast parameter images generated at the single subject level were submitted to 
the second-level group analysis. At the group level, the relevant contrasts between conditions were 
computed using a two (onsets: Event-1, Event-2) by three (Memory: Forgotten, Item, Association)
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analysis of variance (ANOVA). In the whole brain analysis, results from the random effects analyses 
were initially thresholded at pb0.001 (uncorrected), and the cluster size statistics were used as the 
test statistic. Unless otherwise specified, only clusters significant at pb0.05 (corrected for multiple 
nonindependent comparisons) (Worsley et al., 1996) are reported together with the MNI coordinates 
of their local maximum. Given our clear hypothesis regarding the MTL, across both hemispheres two 
separate anatomical regions of interest (ROI) were created one for the hippocampus and the other 
for the PHG. For this purpose, individual, hand-drawn anatomical ROIs (i.e. on the basis of a 
standardized protocol) (Pruessner et al., 2000; Pruessner et al., 2002) were normalized and averaged 
and then used as search volume for the small volume correction (SVC). Furthermore, to characterize 
the response patterns in brain regions involved in item and associative memory formation, the beta 
values separated for each conditionwere extracted from these regions using MarsBar 
(http://marsbar.sourceforge.net/)(Brett et al., 2002c).
Table 2.1 Averaged number of trials on three conditions of interest
Forgotten Item Association
Mean (SEM) 34.47 (1.85) 21.26 (1.64) 40.21 (3.15)
Note: 'Forgotten': Neither the first event nor the second event were later remembered in the item recognition 
memory test; ‘Item’: Both events or items were recognized, but incorrectly associated with the second event; 
'Association': Both events and their association were correctly recognized.
Confidence rating
Figure 2.2 Behavioral performance in item 
recognition memory test. Distributions of mean 
hit and false alarm rates: Mean (SEM) 
proportions of responses are shown on the y- 
axis and confidence ratings (‘1 ’: absolutely new; 
'6 ': absolutely old) are depicted on the x-axis.
2.3 Results
2.3.1 Behavioral results
The distribution of averaged response proportions in the item recognition memory test (mean ± SEM, 
collapsed across the first and second event) are shown in Figure 2.2. A two (stimulus type: old vs. 
new) by six (confidence rating: 6-point scale) repeated-measure ANOVA revealed an interaction 
between confidence rating and stimulus type (F(5, 90) = 59.92, pb0.001). Further paired-sample t 
tests showed that the proportion of ‘6’ and ‘5’ ratings was significantly higher for old than new items
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(minimum t(18) = 4.07, p < 0.001). The proportion of ‘4’ ratings did not differ between old and new 
items (t(18) = -0.69, p = 0.49). The proportion of '1', ‘2’ and ‘3’ ratings for old items was lower than 
for new ones (minimum t(18) = -4.48, p < 0.001). These results demonstrate successful 
discrimination between studied and unstudied items at all confidence levels except level 4. 
Associations were clearly retrieved above chance level (mean proportion of hits: 0.67; SEM: 0.08; 
t(18) = 8.63; p < 0.001), indicating successful memory formation for inter-item associations. 
Moreover, performance level for associative memory formation (mean of discriminability d' = 0.68; 
SEM: 0.07) and only item memory formation (mean of discriminability d' = 0.86; SEM: 0.12) appears 
similar (t(18) = -1.60, p = 0.13), indicating a similar level of discriminability. Furthermore, when 
focusing on ‘5’ and ‘6’ confidence ratings, as done for the fMRI analysis, we observed no difference in 
the proportion of ‘6’ ratings in the 'item' and the ‘association’ bins (mean proportion ± SEM: 0.86 ± 
0.04 vs. 0.90 ± 0.04 respectively; t(18) = 1.33, p= 0.20), indicating again similar confidence levels in 
the two conditions of interest. However, the statistical comparison of d' might be problematic, 
because we used two different memory tests to measure item and associative memory. Thus, the 
estimates of d' may have different variances.
2.3.2 Neuroimaging results
To reveal brain activity related to item memory formation, we analyzed the data time-locked to the 
onset of the first event and contrasted trials that were related to a subsequent success in recognizing
Table 2.2 Brain activations derived from subsequent memory analyses
Brain Region BA
Cluster
size T score
MNI
x y z
Event-1: Item vs. Forgotten
Posterior inferior temporal cortex R 19/37 61 4  9 4 *** 48 - 6 6  -9
Posterior fusiform gyrus L 37 25 3.68*** -51 -57 -9
Posterior parahippocampal cortex R 19 17 4.16** 33 -42 -21
Rhinal cortex R 2 o 6 3.70* 42 -15 -27
L 20/36 14 3.88* -39 -18 -21
Event-2: Association vs. Item
Hippocampus L 35/36 15 4.56** -33 -24 -21
Inferior prefrontal cortex L 47/11 17 4.05* -48 30 - 6
Note: A threshold p < 0.001 (uncorrected) was used in the whole brain volume search and only clusters with 6  
or more significant voxels are reported. *** Cluster level p < 0.01 the whole brain volume corrected; ** Cluster 
level p < 0.05 small volume correction (SVC) corrected for the MTL ROIs; * Voxel level p < 0.001 the whole brain 
volume uncorrected. Event-1, time-locked to the onset of the first event; Event-2, time-locked to the onset of the 
first event; L, left; R, right; BA, Brodmann area; MNI, MNI coordinates (SPM5).
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the item but failure to retrieve the association (i.e. ‘item’) with trials related to subsequent failure to 
remember both the item and the association (i.e. ‘forgotten’). We found activated areas in the right 
fusiform gyrus potentially covered by parahippocampal cortex (local maximum at [33, -42, -21]; 
cluster p < 0.05 SVC), in the right posterior inferior temporal cortex (local maximum [48, -66, -9]; 
cluster pb0.05 corrected), and in the anterior parahippocampal gyrus bilaterally, presumably 
covered by perirhinal cortex (local maxima at [-39, -18, -21], [42, -15, -27]; with a less stringent 
threshold of pb0.001 uncorrected) (see Table 2.2; Figure 2.3). To identify brain regions related to 
successful associative memory formation, we analyzed the data time-locked to the onset of the 
second event and contrasted trials related to subsequent associative retrieval success (i.e. 
‘association’) with trials related to subsequent success to recognize the item only (i.e. ‘item’).
y = -66
Posterior inferior temporal cortex
2.5-
2 -
1.5-
1 -
0.5
Forgotten Item Association
y = -42
Posterior parahippocampal cortex
Forgotten Item Association
y = -18
Bilateral perirhinal cortex
-0.1 - 
-0 .2 ­
-0 .3 ­
-0 .4
i
Forgotten Item Association
Figure 2.3 Brain regions involved in item memory formation. Activation clusters (p < 0.001 uncorrected) 
superimposed on averaged (n=19) high-resolution T1-weighted images with coronal orientation, (A) 
Activation in the right posterior inferior temporal cortex; (B) Activation in the right posterior 
parahippocampal cortex; (C) Activations in the bilateral perirhinal cortex. Bars in the graphs represent the 
parameter estimates (arbitrary units) of the three conditions of interests. The data for these graphs were 
only extracted for illustrative purposes and not for testing effects statistically. Notes: R, right.
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In the MTL, we revealed an activation in the left hippocampus (local maximum at [-33, -24, -21]; p < 
0.05 SVC). When masking this result with the hippocampal ROI, based on a normalized and averaged 
volume of individual hippocampal masks, 11 out of 15 voxels remained, confirming that this cluster 
clearly lies within the hippocampus. Outside the MTL, we found an activation linked to successful 
associative memory formation in the left inferior prefrontal cortex (local maxima at [-48, 30, -6]), 
but with a less stringent threshold of p < 0.001, uncorrected (see Table 2.2; Figure 2.4). Given 
potential differences in brain activity between trials with confidence ratings of 5 and 6, we conducted 
an additional analysis focusing on trials with a confidence rating of 6. Although the number of trials 
appears insufficient for the ‘item’ bin, we still identified very similar left hippocampal activation, 
when contrasting associative with item memory formation, just at a less stringent threshold (p < 
0.005 uncorrected).
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Figure 2.4  B ain  regions 
involved in associative 
memory formation. Selected 
activation clusters (p<0 . 0 0 1  
uncorrected) superimposed 
on averaged high-resolution 
Tl-weighted images with 
coronal and sagittal 
orientations: (A) Activation in 
the left hippocampus; (B) 
Activation in the left inferior 
prefrontal cortex. Bars in the 
graphs represent parameter 
estimates of three conditions 
of interest. The data for these 
graphs were extracted for 
illustrative purposes and not 
for testing effects statistically. 
Notes: R, right; L, left.
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2.4 Discussion
Implementing a new task design in which processes underlying the formation of item memory and 
associative memory were separated in time and differences in memory strength between the two 
types of memory formation were potentially reduced, we found clear evidence for differences 
between hippocampal and parahippocampal contributions. While the hippocampal activity at 
encoding was associated only with subsequent associative memory retrieval, activity in the
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parahippocampal region predicted subsequent single item recognition. This dissociation is in line 
with several previous studies suggesting a two-component model of the MTL during encoding 
(Davachi et al., 2003; Chua et al., 2004; Ranganath et al., 2004b; Davachi, 2006). Given that 
subsequent confidence was similar for the two constituents in item and associative memories, 
differences in memory strength cannot readily explain the dissociation found. Thus, our data appear 
not supportive for a unitary MTL model proposed by Squire et al. (2007) in which different 
subcomponents act together in a complementary way while supporting both item and associative 
memory formation.
Our findings do indeed suggest that the MTL subregions play distinct roles in item and 
associative memory formation. The posterior inferior temporal cortex (including posterior fusiform 
gyrus) may initially contribute to the perceptual analysis of individual items (or objects) during 
encoding (Owen et al., 1996; Brewer et al., 1998; Wagner et al., 1998; Kao et al., 2005; Summerfield et 
al., 2006). Thereafter, a neocortical processing stream converges in the parahippocampal region 
where perceptual representations are unitized and thus can be transformed into meaningful 
representations for further usage (such as object identities and semantic meanings to facilitate 
associative memory formation) in the rhinal cortex (Nobre and McCarthy, 1995; Fernandez and 
Tendolkar, 2001; Levy et al., 2005), indicating that it is important for item memory formation 
(Davachi et al., 2003; Ranganath et al., 2004b; Kao et al., 2005; Chua et al., 2007). This processing 
stream enables a-contextual encoding (such as object related prototypical context) (Bar, 2004) and 
rapid familiarity detection when an item is already known by the very same process (Fernández and 
Tendolkar, 2006). Such a gradient accounts for the inferior temporal to perirhinal processing is 
consistent with some hierarchical models, which are mainly derived from studies in nonhuman 
primates, patients with intracranial event-related potential recordings as well as from neuroimaging 
studies in humans, suggesting that neocortical input of visual object features is sequentially 
processed in a posterior to anterior stream in order to transform the representational information 
from a perceptual level into a semantic one (Mishkin et al., 1983; Tanaka et al., 1991; Fernandez and 
Tendolkar, 2001; Vinckier et al., 2007). When the second event is perceived, relevant 
representational information converges further into the hippocampus, allowing representations of 
the first and the second event to be successfully bound together into a new association (Eichenbaum, 
2004; Cheng et al., 2008). The hippocampus is thought to be an optimal site to process these 
converging streams from the perirhinal cortex and the parahippocampal cortex that convey detailed 
information about item features and integrative information about the relevant context (Diana et al., 
2007; Eichenbaum et al., 2007).
However, our data does not entirely exclude a single-process model for the MTL memory system 
which posits that recognition is based on a uni-dimensional value of memory strength. Despite 
similar performance levels, our contrast between item and associative memory might still be 
confounded by differences in memory strength. It may appear conceivable that a larger number of
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features were encoded for trials in which associative memory retrieval was successful as compared 
to trials in which only single items were later recognized. However, a monotonic increase in memory 
strength in subsequently forgotten trials over subsequent item memory trials to subsequent 
associative memory trials appears not in line with the data extracted from those activation areas. 
Only if one assumes a non-linear relationship between memory strength and the BOLD signal as 
proposed previously (Squire et al., 2007), our data could also be interpreted as being in line with a 
unitary MTL model. However, several studies have shown linear functions between neural activity 
and associated BOLD responses in a wide range of regions, but non-linear components occur at the 
extremes of the function and these non-linearities appear to be different in different brain structures 
(Boynton et al., 1996; Soltysik et al., 2004). Although there is no good reason to assume that different 
non-linear neural-BOLD functions occur within the MTL during normal memory tasks, there is to the 
best of our knowledge no study confirming the linearity of the neural-BOLD coupling in the MTL. 
Hence, we cannot exclude this alternative interpretation currently, but it appears not very likely.
The findings we obtained might be specifically depending on which kind of associations were 
formed and tested here. There is initial evidence that intra- and inter-item associations are 
supported by different MTL subregions (Mayes et al., 2004). The formation of intra-item associations 
appears to be related to processing in the parahippocampal region (Staresina and Davachi, 2006; 
Tendolkar et al., 2007), while inter-item associations are formed in the hippocampus. The 
associations implemented here were created by arbitrary pairings of semantically (and perceptually) 
unrelated objects and thus, they can be clearly regarded as inter-item associations. Hence, our 
conclusion about the specific role of the hippocampus in associative memory formation is most likely 
limited to the formation of inter-item associations. Several neuroimaging studies have found 
consistently that the hippocampus was involved in storing new inter-item associations (such as 
word-pairs, face-name pairs) (Henke et al., 1999; Sperling et al., 2003; Kirwan and Stark, 2004; 
Prince et al., 2005; Chua et al., 2007). This interpretation is consistent with the idea that the 
hippocampus is a general binding mechanism that associates separate items together (that might not 
be integrated and unified by the neocortex) to form a new association (Eichenbaum et al., 1994; 
Mayes et al., 2004). An alternative interpretation of our hippocampal finding is related to the 
temporal delay between the two items to-be-associated. It is well accepted that the hippocampus is 
critically engaged in bridging discontinuities across time by its role in forming 'context units' and 
‘glueing’ together of sequential items (Wallenstein et al., 1998; Eichenbaum, 2004). A recent 
neuroimaging study confirmed that the human hippocampus is indeed involved in sequence 
disambiguation by which overlapping sequences are kept separate and remembered correctly 
(Kumaran and Maguire, 2006). However, the presentation order was irrelevant for our task and only 
two items were paired together and thus our task can hardly be regarded as a sequence learning task. 
Nevertheless, the hippocampus was also found to be involved in 'discontinuity association’ by 
bridging a delay between the constituents of word-pairs in anticipation of a semantic relatedness
31
Chapter 2
judgment (Luo and Niki, 2005), but this finding was not related to memory formation. Therefore, our 
present findings add to the aforementioned findings and suggest that the hippocampus is strongly 
involved in forming new inter-item associations between items that occur separated in time.
In addition to the hippocampus, the inferior prefrontal cortex was activated when associative 
memory formation was successful. The inferior prefrontal cortex may interact with the hippocampus 
and thus facilitate the formation of new associations by its role in recovering semantic information 
(Wagner et al., 2001) and in enabling semantic elaborative processes (Sperling et al., 2003; Jackson 
and Schacter, 2004; Prince et al., 2005; Ranganath and Blumenfeld, 2007). Nevertheless, this is not 
mutually exclusive from the view that the inferior prefrontal cortex involves generally in episodic 
memory formation including memories for items and associations as shown by numerous functional 
imaging studies (Cheng et al., ; Fernandez and Tendolkar, 2001; Wagner et al., 2001; Simons and 
Spiers, 2003; Ranganath and Blumenfeld, 2007).
While this single study cannot exclude all alternative explanations for our findings like 
differences in strategic processing or differences in test formats for item and associative recognition 
memory our findings are most likely in line with dual process models of the MTL in which the 
parahippocampal region has a particular role in non-associative item memory and the hippocampus 
in memory for newly formed inter-item associations. This conclusion could be further strengthened 
by studies that confirm a linear neural-BOLD function in the MTL and by studies that control memory 
strength strictly quantitatively across item- and associative memory.
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Abstract
Using event-related functional magnetic resonance imaging, we identified brain regions involved in 
storing associations of events discontinuous in time into long-term memory. Participants were 
scanned while memorizing item-triplets including simultaneous and discontinuous associations. 
Subsequent memory tests showed that participants remembered both types of associations equally 
well. First, by constructing the contrast between the subsequent memory effects for discontinuous 
associations and simultaneous associations, we identified the left posterior parahippocampal region, 
dorsolateral prefrontal cortex, the basal ganglia, posterior midline structures, and the middle 
temporal gyrus as being specifically involved in transforming discontinuous associations into 
episodic memory. Second, we replicated that the prefrontal cortex and the medial temporal lobe 
(MTL) especially the hippocampus are involved in associative memory formation in general. Our 
findings provide evidence for distinct neural operation(s) that supports the binding and storing 
discontinuous associations in memory. We suggest that top-down signals from the prefrontal cortex 
and MTL may trigger reactivation of internal representation in posterior midline structures of the 
first event, thus allowing it to be associated with the second event. The dorsolateral prefrontal cortex 
together with basal ganglia may support this encoding operation by executive and binding processes 
within working memory, and the posterior parahippocampal region may play a role in binding and 
memory formation.
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3.1 Introduction
The ability to associate and remember different aspects of an experience as one coherent episode is a 
critical feature of episodic memory (Tulving, 1983, 2002). In particular, it is crucial to bind and 
remember aspects of an experience that do not overlap in time as belonging to one episode. However, 
little is known about the neural underpinnings that support the encoding of discontinuous 
associations (i.e., non-overlapping in time or across temporal associations), although the neural 
correlates of successful memory formation for single items (Brewer et al., 1998; Fernandez et al., 
1998; Wagner et al., 1998; Otten et al., 2001; Ranganath et al., 2005) and simultaneously occurring 
inter-item associations (Henke et al., 1999; Davachi et al., 2003; Sperling et al., 2003; Jackson and 
Schacter, 2004; Prince et al., 2005) are well-established. Generally speaking, the medial temporal 
lobe (MTL) and the prefrontal cortex play a critical role in episodic memory formation, including 
associative memories (Buckner et al., 1999; Fernandez and Tendolkar, 2001; Paller and Wagner, 
2002). Numerous neuroimaging studies have shown that different substructures of the MTL and the 
prefrontal cortex are more active while encoding single items that are later remembered than those 
forgotten (Brewer et al., 1998; Fernandez et al., 1998; Wagner et al., 1998; Otten et al., 2001; Kao et 
al., 2005). Specifically, activity in the anterior MTL including the hippocampus and the inferior or 
medial prefrontal gyrus correlated with successful formation of associative or relational memories 
when two or three simultaneously presented items were bound together (Dolan and Fletcher, 1997; 
Henke et al., 1997; Henke et al., 1999; Sperling et al., 2003; Jackson and Schacter, 2004; Mitchell et al., 
2004; Prince et al., 2005; Uncapher et al., 2006). The parahippocampal region was also thought to 
play a role in contextual associative processing, such as forming spatial and non-spatial associations 
(Aminoff et al., 2007). Nevertheless, there is still controversy over the specific contribution of 
different regions within the MTL to episodic memory formation, especially for associative memory 
(Davachi et al., 2003; Ranganath et al., 2004a; Ranganath et al., 2004b; Squire et al., 2004). Moreover, 
in the studies mentioned above, information - either an item or an inter-item association belonging 
to one episodic experience - was presented simultaneously Thus, there is no evidence for neural 
processes that support the storage of discontinuous associations in memory.
Several models have suggested that the hippocampus is critically engaged in bridging 
discontinuities across time (Rawlins, 1985; Wallenstein et al., 1998; Eichenbaum, 2004). For instance, 
in trace conditioning, animals with hippocampal lesions show, compared to sham operated animals, 
impaired formation of discontinuous events when the conditioned stimulus and the unconditioned 
stimulus do not overlap in time (Thompson-Schill et al., 1997). Based on the integration of results 
obtained in experimental animal and human behavioral work, Wallenstein and colleagues’ developed 
a computational framework suggesting that the hippocampus plays a critical role in memory 
formation when discontinuous items have to be associated in terms of their temporal or spatial 
positioning or both (Wallenstein et al., 1998). Additionally, single-cell recordings from the frontal 
cortex in monkeys suggest that prefrontal neurons are essential for the temporal integration of visual
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and auditory stimuli that are separated in time (Fuster et al., 2000). Moreover, a recent event-related 
fMRI study has shown that, relative to binding word-pairs between constituents simultaneously 
presented, binding word-pairs between constituents across time (i.e., 'discontinuity association’) 
engaged the left hippocampus (Luo and Niki, 2005). However, that study probed neural activity 
associated with the processing of discontinuous events in general, irrespectively of subsequent 
memory performance. Hence, it remains unclear whether there are distinct anatomical structures 
that specifically support the formation of discontinuous associations or whether they overlap with 
brain regions involved in the formation of associative memories in general.
Here we set out to identify those brain regions that are involved in storing discontinuous 
associations into episodic memory. Participants were scanned while memorizing item-triplets 
consisting of a simultaneous association and a discontinuous association (Figure 3.1). Afterwards, 
participants performed single-item and associative recognition memory tests. The single-item 
recognition memory test is used to ensure whether the center-item of each triplet was remembered, 
whereas the associative recognition memory test is used to examine whether the associations were 
formed successfully. This set-up allows us to confirm neural correlates of memory formation for 
single items and associations. Additionally and most critically for the question at issue, the contrast 
between the subsequent memory effects for discontinuous and simultaneous associations allows us 
to reveal the neural correlates of associative memory formation across time, while memory 
formation of single items and associations in general is equated.
3.2 Materials and methods
3.2.1 Participants
Twenty-six Dutch native, right-handed healthy university students (mean age = 22 ± 4 years; 8 males; 
1-5 years of university level education) without any neurological or psychiatric history and normal 
or corrected-to-normal vision participated in the experiment. All participants gave informed written 
consent according to the local ethics committee (CMO region Arnhem-Nijmegen, the Netherlands) 
and the declaration of Helsinki. We excluded data of six subjects, due to poor memory performance 
on the subsequent memory tasks (the correct rate of remembered simultaneous associations or 
discontinuous associations < 0.55).
3.2.2 Stimuli
We selected 396 portraits (half males) from a database of 1000 color photographs of European 
individuals unknown to the participants (http://www.ftd.de/static/1000europeans). To standardize 
the stimuli and minimize some potential confounding factors, faces were selected under several 
criteria such as direct gaze contact, no strong emotional facial expression, no headdress, no glasses, 
no beard, and so on. Familiar Dutch first names (n = 264; half males) and Dutch city names (n = 264) 
were obtained from the Internet. Length of names and cities ranged from 3 to 10 letters (mean length
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(SD) = 5.6 (1.5) and 5.8 (1.7), respectively). We created 264 face-name-city triplets for the study 
phase and six triplets for a pre-scan training session. One hundred thirty-two faces were used as 
lures for the face item recognition memory test. Triplets were created randomly out of the entire set 
of 264 faces for each subject individually with gender congruent face-name pairings. Additionally, 
another six trials were created in order to familiarize the participants with the task prior to scanning.
Study phase (fMRI) Post-scan memory tests
4.0s
3.0 -  6.0s
E venti Delay Event 2 ITI |
Figure 3.1 Experimental design. During the study phase inside the scanner, participants were instructed to 
judge whether each first name and city name fitted well together with the face (presented as a color 
photograph during the experiment), and memorize each face-name-city triplet for the subsequent memory 
tests. Afterwards, outside the scanner, two memory tests were given. Firstly, participants performed a face- 
item recognition memory test for the 264 studied faces randomly intermixed with 132 unstudied faces using 
a 6 -point confident rating scale ( 1  - absolutely sure it was new/unstudied face; 6  - absolutely sure it was 
studied/old face). Thereafter, studied faces that received a 6 , 5, or 4 rating (i.e., as the dotted ellipse shown) 
in the face-item recognition memory test were submitted to subsequent face-name and face-city associative 
recognition memory tests providing three response options: the left-side name (i.e., first name/city) was 
associated with the face during study, unsure which name was associated with the face, the right-side name 
was associated with the face during study. In the associative recognition memory test, each face was shown 
with two previously studied names (gender selective) or two studied city names. One of the two names was 
previously presented together with the face; the other was presented with a different face at study and 
served as a foil (see Task procedure for more details).
3
3.2.3 Task procedure
The experiment consisted of a study phase and two subsequent memory tests. At study, participants 
were scanned while they were memorizing 264 face-name-city triplets, with the face common to
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two associates (i.e., a first name and a city). Each trial started with one of two associates (either a 
first name or a city) called 'Event 1’, which was presented at the center of the screen for 2 s. The first 
event was followed by a short delay period (3 s) during which a red question mark was presented. 
Thereafter, the second event ('Event 2’) was composed of a face and the other associate (either a city 
or a first name), which was presented at the center of the screen for 4 s, with the face presented 
above the associate (Figure 3.1). To avoid possible bias effects of cognitive process and neural 
activity related to first names and cities, half of the trials started with a first name and the other half 
started with a city name, randomly intermixed. To make participants integrate all three items into 
one association, they were instructed to indicate by appropriate button-presses whether they 
thought that the face-name-city triplet fitted well together or not. In addition, they were explicitly 
instructed to memorize each face with the associated name and city name. Therefore, each trial 
consisted of a discontinuous association (the initial associate and the face separated by the delay 
period) and a simultaneous association (the associate presented together with the face). Trials were 
separated by an inter-trial-interval (ITI) of 3 to 6 s (varied in steps of 1 s).
About 20 min after the study phase, subjects were asked to perform two memory tests outside 
the scanner. The first one was a face-item recognition memory test, in which the participants saw the 
264 previously studied faces randomly intermixed with 132 new faces and were asked to judge 
whether the face was an old (i.e., studied) or a new (i.e., unstudied) face. Participants gave their 
old/new decision by a confidence rating on a 6-point scale (1 = absolutely sure it was a new face; 2 = 
somewhat sure it was a new face; 3 = guessing it was a new face; 4 = guessing it was an old face; 5 = 
somewhat sure it was an old face; 6 = absolutely sure it was an old face). This task was self-paced 
with a minimal trial duration of 2 s and a maximal one of 6 s. Old faces that received a 6, 5, or 4 rating 
were included in the subsequent associative memory test. Here, each face was shown with two 
previously studied names (gender selective) or two studied city names. One of the two names was 
previously presented together with the face; the other was presented with a different face at study 
and served as a foil to ensure that the decision about the correct association was not based solely on 
familiarity. It should be noted that the number of associative recognition memory trials was always 
limited to 132 face-name and 132 face-city associations, because half of studied names (or cities) 
should be attributed to foils. Sixteen subjects had more than 132 hit trials with a '5' or '6' rating in the 
face item recognition memory test. In these subjects, we randomly selected out of these hit trials 132 
faces for the associative memory test and the remaining faces were included in 'the condition of no 
interest’. Four subjects had less than 132 hit trials in the face item recognition memory test with a '5' 
or '6' rating. Hence, we randomly selected some studied faces with a '4' rating for their associative 
recognition memory test, but these trials were included in 'the condition of no interest'. Each face 
was presented once for each type of face-name and face-city association. To counterbalance the type 
and order, when presenting face-name and face-city associations in the associative recognition test, 
all 132 face-name and 132 face-city trials were randomly divided into two blocks, respectively, and
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counterbalanced across participants. The position of the correct name was balanced between the 
right and the left position on the screen. This task was self-paced, limited between 3 and 6 s. 
Participants were asked to indicate by an appropriate button press, which name was associated with 
the presented face during the study phase. To exclude trials potentially based on guessing, 
participants were instructed to give an unsure response when they did not remember which 
association was the correct one.
3.2.4 fMRI data acquisition
During MRI scanning, whole head T2*-weighted EPI-BOLD fMRI data were acquired with a Siemens 
Sonata 1.5 T MR-scanner using an ascending slice acquisition sequence (33 axial slices, volume TR = 
2.29 s, TE = 30 ms, 90° flip-angle, slice-matrix size=64x64, slice thickness = 3.0 mm, slice gap = 0.5 
mm, field of view = 224 mm). Following the experimental session, high resolution structural images 
were acquired, using a T1-weighted MP-RAGE sequence (volume TR = 2250 ms, TE = 3.93 ms, 15° 
flip-angle, 176 sagittal slices, slice-matrix size=256x256, slice thickness = 1 mm, no slice gap, field of 
view = 256 mm).
3.2.5 fMRI data analysis
Image pre-processing and statistical analysis was performed using SPM2 
(http://www.fil.ion.ucl.ac.uk/spm). The first five volumes of each participant’s EPI-data were 
discarded to allow for T1 equilibration. The subject's structural MR image was coregistered to the 
mean of the functional images, using mutual information optimization. Subsequently, the functional 
images were slice-time corrected, spatially normalized and transformed into a common stereotactic 
space, as defined by the SPM2 MNI T1 template, as well as spatially filtered by convolving the 
functional images with an isotropic 3D Gaussian kernel (10 mm FWHM). The fMRI data were 
statistically analyzed using the general linear model and statistical parametric mapping (Friston et al., 
1995a). In addition, the realignment parameters were included to account for movement-related 
variability. The data were high-pass filtered (128 s) to account for various low-frequency effects.
Tackling the question at issue, the encoding trials were sorted into several different categories 
based on the subsequent memory performance (Table 3.1). Our main interest was the transient 
neural activity when associative memory formation occurred; therefore, separate regressors of each 
category were created time-locked to the onset of 'Event 2’, and convolved with the canonical 
hemodynamic response function. 'Event 1’ was separately modeled independently of subsequent 
memory performance to account for encoding-related neural responses to the first event. According 
to the recognition memory performance (see Behavioral Results), a '1', '2', or '3' rating for an old face 
can be regarded as forgotten (i.e., 'Miss’ condition) and a '5' or '6' rating as remembered. Trials 
associated with remembered items were subdivided in five different conditions, depending on the 
subsequent associative recognition memory performance: (1) Hit single item: correct face
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recognition, incorrect associative recall; (2) Hit simultaneous association: correct face recognition, 
only correct associative recall for the simultaneously memorized name or city name; (3) Hit 
discontinuous association: correct face recognition, only correct associative recall for the 
discontinuously memorized name or city name; (4) Hit all associations (i.e., hit both simultaneous 
and discontinuous associations): correct face recognition, correct associative recall for the 
simultaneously and discontinuously memorized name or city name; (5) Hit of no interest: correct 
face recognition, unsure on both associated name and associated city, miss on either associated name 
or associated city but unsure on either associated name or associated city, as well as the 
aforementioned trials in 'the condition of no interest' (see Task procedure). Additionally, a low level 
fixation condition was separately modeled. The relevant contrast parameter images generated on the 
single participant level were submitted to the second-level group analysis. At the group level, 
contrasts between conditions were computed by using one-sample t tests on these images treating 
participants as a random variable. In the whole brain search, the results from the random effects 
analyses were initially threshold at p < 0.001 (uncorrected) and the cluster size statistics were used 
subsequently as the test statistic. Only clusters significant at p < 0.05 (corrected for multiple non­
independent comparisons) (Worsley et al., 1996) are reported. All local maxima (MNI coordinates) 
within significant clusters are reported with p values corrected for multiple non-independent 
comparisons based on false discovery rate (Genovese et al., 2002), unless otherwise specified. Given 
that the MTL is an obvious region of interest, the MTL was additionally investigated within a 
spherical region of interest (radius = 25 mm) centered in the middle of the hippocampus at [x, y, z] = 
[±30, -22, -14] in combination with a small volume correction (SVC) for multiple non-independent 
comparisons.
To characterize the patterns of activation related to the subsequent memory effects for different 
types of memory formation within the MTL, we further conducted regions of interest (ROIs) analysis 
in the anterior and posterior MTL (Schacter and Wagner, 1999; Sperling et al., 2003; Jackson and 
Schacter, 2004). Using MarsBar (http://www.marsbar.sourceforge.net) (Brett et al., 2002c), we 
functionally identified the ROIs based on the average group activation within the MTL. Each ROI 
included all voxels within a sphere radius of 6 mm centered at a certain local maxima located in the 
MTL (see Results). Averaged effect sizes of all voxels within the ROIs were extracted by estimating 
the mean contrast values of all individual subjects.
Table 3.1 Number of trials and reaction times (mean ± S.D.) of the five categories of main interest (N = 20)
Types Miss Single Simul. Discon. All
N.O. 59.8 (19.5) 14.5 (5.8) 30.3 (7.2) 30.9 (5.3) 39.6 (11.5)
RTs (ms) 2107 (465) 2035 (499) 2038 (423) 2026 (442) 2001 (396)
Notes: 'Miss’ -  forgotten faces, 'Single' -  hit single item: correct face recognition and incorrect associative recall, 
'Simul.' -  hit simultaneous associations; 'Discon.' -  hit discontinuous associations, 'All' -  hit both simultaneous 
and discontinuous associations (See fMRI data analysis for details).
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3.3 Results
3.3.1 Behavioral results
(1) Study phase
Participants were more likely to judge the face-name-city association as a good fit than not (0.696 ± 
0.143 vs. 0.304 ± 0.143; t(19) = 6.01, p < 0.001). They performed equally fast in that half of the 
encoding trials that started with a city name (2062 ± 448 ms) and in the other half of trials that 
started with a first name (2041 ± 417 ms) (t(19) = 0.95; p > 0.10). This suggests that both trial types 
were similar to each other in difficulty.
(2) Face item recognition memory test
The distribution of averaged response proportions (mean ± SE) is shown in Figure 3.2. Two separate 
repeated-measures ANOVAs revealed significant differences of confidence ratings for both old and 
new faces (F(5,95) = 19.24, F(5,95) = 7.10, respectively; both p values < 0.001). Paired-sample t tests 
comparing confidence ratings revealed that the proportion of '5' and ‘6’ ratings for old faces were 
significantly higher than for new faces (t(19) = 6.97, t(19) = 9.07, respectively; both p values < 0.001). 
The proportion of ‘4’ ratings was similar for old and new faces (t(19) = 0.66; p = 0.54). Reversely, the 
proportion of '1', ‘2’, and ‘3’ ratings for old faces was lower than for new faces (t(19) = -5.53, t(19) = 
-6.00, t(19) = -4.79 respectively; all p values < 0.001). The performance was independent of ‘fit’ and 
'not fit responses1. These results demonstrate successful discrimination between studied and new 
faces.
Figure 3.2 Subsequent face-item recognition 
memory performance (n=20). Distributions of 
mean hit and false alarm rates: Mean (S.E.) 
proportions of responses are shown on the y-axis 
and confident ratings are depicted on the x-axis.
3
(3) Associative memory test
Number of trials and reaction times of the five categories of main interest are shown in Table 3.1. The 
rate (mean ± SD) of correctly recalled associations was 0.626 ± 0.063 for simultaneous associations 
and 0.629 ± 0.069 for discontinuous associations. This level of associative memory performance was
1 . . . .  , . ,
The response in the orientation task did not predict face item recognition memory performance (i.e. M iss faces - 1, 2 and 3 ratings:
fit vs. not fit = 0.228 vs. 0.229; ‘Remembered’ faces - 5 and 6 ratings: fit vs. not fit=0.475 vs. 0.438; all p values > 0.30).
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roughly consistent with previous studies using similar subsequent memory paradigm (Sperling et al., 
2003; Chua et al., 2004). More importantly, the performance on both types of associations was 
significantly above chance level (t(19) = 8.98; t(19) = 8.34, respectively; both p values < 0.001) and 
did not differ from one another (t(19 ) = -0.09; p = 0.93)2. Given that the associated name and 
associated city name were simultaneously or discontinuously presented with the face, we 
constructed two (presenting types: simultaneous and discontinuous)-by-two (pairing types: face - 
name and face-city) repeated-measure ANOVAs to confirm that there was no interaction between 
these two factors for the performance (F(1,19) < 1.0). Finally, we confirmed that the response in the 
orientation task had no significant effect on associative memory performance (i.e., 'Hit simultaneous 
association’: fit vs. not fit = 0.128 vs. 0.117; 'Hit discontinuous association’: fit vs. not fit = 0.128 vs. 
0.118; 'Hit all associations’: fit vs. not fit = 0.162 vs. 0.144; all p values > 0.13). Thus, we collapsed for 
all further analysis fit and not fit trials to increase statistical power.
3.3.2 Neural correlates of the formation of discontinuous associations
Table 3.2 Brain regions associated with the 
associations vs. hit simultaneous associations
formation of discontinuous associations: Hit discontinuous
Brain Region BA
Cluster 
P. corr.
Z
Value
MNI
x y z
R. Superior, Medial /  Middle frontal gyri 8 , 9 <0 . 0 0 0 1 4.28 15, 39, 33
4.04 33, 30, 39
3.94 15, 48, 30
L. Posterior Parahippocampal Gyrus 35 0.007* 4.42 -33, -39, -9
L. Caudate, Lentiform nucleus, Putamen - 0.004 4.72 -18, 9, 12
3.87 -21, 12, -3
3.18 -18 3 - 6
R. Caudate, Lentiform, Putamen - 0.043 3.98 2 1  6  6
3.96 27 9 15
R. Precuneus, Posterior Cingulate Cotex 31 0.004 4.05 15 -60 18
L. Middle Temporal Gyrus 19,39 0.043 3.85 -39 -63 15
39 3.65 -42 -69 27
L. Superior Occipital Gyrus 19 3.47 -33, -81, 36
Notes: The threshold p < 0.001 (uncorrected) in the whole brain volume search. Only clusters (20 or more 
extent voxels) significant at p < 0.05 (corrected cluster) were reported. *Small Volume Correction (SVC) used in 
the MTL activations. L: left; R: right; BA: Brodmann Area; MNI: MNI coordinates (SPM2). The activations in MTL 
are in bold type.
2
To reduce contamination by guesses as much as possible, we excluded trials that received an unsure response in the subsequent 
memory tests and excluded those subjects with a mean associative memory performance o f 0.55 or less (see above).
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To identify brain regions specifically related to the formation of discontinuous associations, we 
directly contrasted the conditions 'hit discontinuous association’ with 'hit simultaneous association’. 
Thus, the contrast of two conditions does not differ in the number of associations formed but the 
type of association formed. A separate set of brain regions was specifically more active for the 
formation of new discontinuous associations (Table 3.2; Figure 3.3). In more detail, these regions
Figure 3.3 Brain regions showing activation related specifically to the formation of new discontinuous 
associations. (A) Intensity projection of whole brain activity related to the contrast between 'hit 
discontinuous associations' vs. 'hit simultaneous associations'. (B) Selected activation clusters superimposed 
on corresponding T1 images in the left posterior parahippocampal gyrus (left and middle upper panel), the 
dorsolateral prefrontal cortex and precuneus/posterior midline region (right upper panel), basal ganglia 
including the bilateral caudate/putamen (right bottom panel). The bar graph shows the averaged effect size 
(S.E.) of subsequent memory effects in the posterior parahippocampal gyrus centered at [-33, -39, -9]. For 
displaying purposes, maps are thresholded at p < 0.001 (uncorrected, >20 voxels). R, right; L, left.
included the left posterior parahippocampal gyrus close to the junction between the fusiform gyrus 
and the parahippocampal gyrus (local maximum at [-33, -39, -9], Z = 4.42; cluster p = 0.007 SVC 
corrected); a large area in the dorsolateral prefrontal cortex including the right superior frontal 
gyrus (local maximum at [15, 39, 33], Z = 4.28; [33, 30, 39], Z = 4.04; [15, 48, 30], Z = 3.94; all cluster 
p values b0.05 corrected) and the right middle frontal gyrus (local maximum at [33, 30, 39], Z = 3.74; 
cluster pb0.05 corrected); the basal ganglia including the caudate nucleus and the putamen (local 
maxima at [-18, 9, 12], Z = 4.72; [21, 6, 6], Z = 3.98; [27, 9,15], Z = 3.96; [-21, 12, -3], Z = 3.87; [-18, 3, 
-6], Z = 3.18; all cluster - values b0.05 corrected); a medial posterior region including the precuneus 
and the posterior cingulate gyrus (local maximum at [15, -60, 18], Z = 3.94; cluster p < 0.05 
corrected); and the occipital-temporal region from the posterior middle temporal gyrus extending 
into the superior occipital gyrus (local maxima at [-39, -63, 15], Z = 3.85; [-42, -69, 27], Z = 3.65;
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[-33, -81, 36], Z = 3.47; all cluster p values < 0.05 corrected). There were no significant activations 
observed for the opposite contrast. The ROI analysis revealed a strong linear increase of the 
subsequent memory effect in the posterior parahippocampal gyrus from 'only hit single item', 'only 
hit simultaneous association’ to 'only hit discontinuous association’ (F(2,38) = 5.53, p = 0.008). Hence, 
we identified a set of brain regions that is specifically involved in transferring associations of 
discontinuous events into episodic memory. This network includes the posterior parahippocampal 
region, the dorsal-lateral prefrontal cortex, posterior midline structures, and the basal ganglia.
Table 3.3 Brain regions related to associative memory formation: Formation of new memories including 
associations vs. Miss
Brain Region BA
Cluster 
P (corr.)
Voxel
P fd r Z score
MNI
x y z
18/19 <0 . 0 0 0 1 0 . 0 1 2 4.83 9­2,6,3
R. Middle Occipital, Lingual and Fusiform Gyri 0 . 0 1 2 4.58 30 -90 15
R. Inferior Occipital Gyrus 18 0 . 0 1 2 4.45 9­7,
CO0,3
L. Lingual Gyrus 18 0 . 0 1 2 4.22 -9, -99, 3
L. Inferior Occipital Gyrus 17/18 0 . 0 1 2 4.05 -30, -93, - 6
L. Hippocampus, PHG 27/30 0 . 0 1 0 0 . 0 1 2 4.75 -24, -33, -3
0 . 0 1 2 4.10 -18, -36, 3
R. Hippocampus, PHG 35 <0 . 0 0 0 1 0 . 0 1 2 4.35 24, -6 , -18
0.015 3.76 21, -27, -9
Ventral Medial Frontal Gyrus 1 1 / 1 0 0.008 0 . 0 1 2 4.08 0, 45, -18
0.028 3.30 -6 , 60, - 1 2
0.038 3.12 15, 36, -15
L. Fusiform and P 37 0 . 0 1 2 0.013 3.96 -36, -51, -15
L. Anterior Hippocampus - 0.007 0.014 3.84 -2 1 , -6 , -18
0.015 3.79 0, 6 , -9
R. Superior Frontal Gyrus 9, 10 0.051 0.017 3.67 3, 60, 24
L. Superior Frontal Gyrus 0.017 3.54 -9, 54, 24
R. Inferior Frontal Gyrus 46 0.351 0.024 3.64 42, 30, 12
L. Inferior Frontal Gryus 47 0.882 0 . 0 2 0 3.53 -42, 33, -9
R. Inferior/Middle Frontal Gyrus 47 0.786 0 . 0 2 0 3.53 36, 33, -15
Notes: The threshold p < 0.05 (corrected) in the whole brain search. Only clusters (10 or more extent voxels) 
significant at P < 0.05 (corrected) were reported. L: left; R: right; BA: Brodmann Area; MIN: MIN coordinates 
(SPM2). The activations in MTL are in bold type.
3.3.3 Neural correlates of the formation of new memories including associations
To replicate the neural correlates of associative memory formation, we contrasted brain activity
associated with successful associative memory formation (i.e., hit simultaneous association, hit
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discontinuous association, and hit all associations) and nonsuccessful memory formation (i.e., 
misses). We identified a well established set of regions that were significantly more active during the 
successful formation of new associations, including the prefrontal cortex and the occipito-temporal 
cortex extending into the MTL (Table 3.3; Figure 3.4A). In the MTL, we identified the left posterior 
hippocampus (local maximum at [-24, -33, -3], Z = 4.75; [-18, -36, 3], Z = 4.10; p = 0.012 corrected), 
the left anterior hippocampus extending into the amygdala and the parahippocampal gyrus (local 
maximum at [-21, -6, -18], Z=3.84; p = 0.014 corrected), and the right anterior to middle 
hippocampus extending into the amygdala (local maxima at [24, -6, -18], Z = 4.35 and [21, -27, -9], 
Z = 3.58; all p < 0.015 corrected). In the prefrontal cortex, we identified the ventral medial frontal 
gyrus (local maximum at [0, 45, -18], Z = 4.08; p = 0.012 corrected), the bilateral superior frontal 
gyrus (local maxima at [3, 60, 24], Z = 3.67; [-9, 54, 24], Z = 3.54; all p < 0.017 corrected), and the left 
and right inferior frontal gyrus (local maxima at [-42, 33, -9], Z = 3.53; [42, 30, 12], Z = 3.64; Z < 
0.024). To further characterize the patterns of activation related to the subsequent memory effects 
for different types of memory formation, we analyzed the bilateral anterior and posterior 
hippocampus using ROI analyses. As shown in Figure 3.4B, there is a trend toward a linear increase of 
subsequent memory in the bilateral anterior hippocampus from 'hit single item’, 'hit simultaneous 
association’, 'hit discontinuous association’ to 'hit all associations’ (Left: F(3,57) = 2.35, p = 0.082; 
Right: F(3,57) = 2.85, p = 0.045). Hence, these findings confirm previous neuroimaging studies (Dolan 
and Fletcher, 1997; Henke et al., 1997; Sperling et al., 2003; Jackson and Schacter, 2004; Mitchell et 
al., 2004; Achim and Lepage, 2005; Prince et al., 2005) showing that specific prefrontal and medial 
temporal structures including the hippocampus are involved in associative or relational memory 
formation. It is worthwhile to note that there was an inadequate number of trials in the 'hit single 
item’ condition (i.e., mean: 14.5 ± 5.8) for powerful statistical analyses, therefore this condition 
would introduce an unacceptable level of noise if being compared to other associative memory 
conditions.
To examine whether the hippocampus was actually activated in each of the three conditions of 
associative memory formation (i.e., 'hit simultaneous association’, 'hit discontinuous association’, and 
'hit all associations’), we constructed three separate contrasts against the 'misses’. For the formation 
of simultaneous associations, we found the left posterior hippocampus (local maxima at [-24, -33, 
-3], [-27, -30, -6], all ZN3.46; cluster p = 0.024 SVC corrected), the left anterior hippocampus (local 
maxima at [-30, 0, -15], [-24, -9, -21], all ZN3.28; cluster p = 0.054 SVC corrected), and the right 
anterior hippocampus/amygdala (local maxima at [24, -6, -18], Z = 4.11; cluster p = 0.008 SVC 
corrected) to be significantly activated. For the formation of discontinuous associations, we found the 
left posterior hippocampus extending into parahippocampal and fusiform gyri (local maxima at [-24, 
-36, -6], [-27, -33, -9], and [-30, -45, -15], all Z > 3.93; cluster pb0.001 SVC corrected), the left 
anterior hippocampus (local maxima at [-21, -6, -12], Z = 3.58; cluster p = 0.019 SVC corrected), the 
right anterior hippocampus/amygdala (local maxima at [21, -3, -21], [33, 0, -15] and [24, -12, --15],
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3
Figure 3.4 Brain regions showing significant activation for successful formation of new memories including 
associations. (A) Regions in the MTL activated by the contrast between 'Formation of new memories including 
associations’ and 'Misses’: the left anterior and posterior hippocampus (left upper panel - sagittal view), the 
right anterior-to-posterior hippocampus (left bottom panel-sagittal view), the bilateral anterior hippocampus 
extending into amygdala (right upper panel-coronal view), and the bilateral posterior hippocampus (right 
bottom panel - coronal view) (all p < 0.05 FDR corrected). (B) It shows the averaged effect size (S.E.) of 
subsequent memory effects for different types of memory formation, regions of interest derived from the 
group activation of 'Formation of new memories including associations’ and 'Misses’: the bilateral anterior 
hippocampus centered at [±24, - 6 , -18] (left panels), the bilateral posterior hippocampus centered at [-24, 
-33, -3] and [21, -27, -9], respectively (right panels). For displaying purposes, maps are thresholded at 
pb0.05 (FDR corrected, >20 voxels). R, right; L, left.
all Z > 3.49; cluster p = 0.001 corrected), and the right posterior hippocampus (local maxima at [21, 
-27, -9], Z = 3.77; cluster p=0.037 SVC corrected) to be significantly activated. For the formation of 
simultaneous and discontinuous association, we found the left posterior hippocampus (local maxima 
at [-27, -30, -9] and [-24, -33, -3], Z> 3.66; cluster p = 0.019 SVC corrected) and bilaterally the 
anterior hippocampus/amygdala (local maxima at [-21, -6, -18], Z = 3.37; cluster p = 0.060 SVC 
corrected; [24, -9, -12], Z = 3.90; cluster p = 0.009 SVC corrected) to be significantly activated. Hence, 
the hippocampal contribution appears independent of the type of association formed. Additionally, to 
identify the neural activity specifically related to remembering all associations, we conducted the 
contrast of 'hit all associations’ vs. 'hit simultaneous association’ and 'hit discontinuous association’. 
When testing the whole brain data (pb0.001 uncorrected), we found an almost significant effect in 
the ventral medial prefrontal cortex only (local maxima at [3, 51, -15], Z = 3.90; [-3, 24, -18], Z = 
3.83; [-12, 24, -12], Z = 3.83; cluster p values < 0.08 corrected). However, there was not a reliable 
effect in the MTL; this result indicates that the activity of MTL was not significantly greater in
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remembering all associations than remembering either simultaneous association or discontinuous 
association.
3.4 Discussion
The goal of this study was to reveal the neural correlates of a specific type of associative memory 
formation, the binding of events that are separated in time. We show that activity in the left posterior 
parahippocampal gyrus, the dorsolateral prefrontal cortex, posterior midline structures, and certain 
parts of the basal ganglia is increased while subjects successfully store discontinuous associations 
into episodic memory. This finding suggests that there is a distinct (set of) operation(s) that supports 
specifically an essential function for episodic memory, the integration of inter-item associations 
across time. Importantly, this operation might be functionally dissociated from operations that form 
associative memories in general. To bind two discontinuous events together, it is necessary to keep 
the initial event online until the second event is perceived and/or to retrieve/reactivate the 
representation of the initial event while processing the second event. Thus, one probability is that the 
online maintenance operation might be responsible for our results in part. However, our findings 
cannot readily be attributed to the online maintenance of the initial event only, a word, because we 
analyzed the data event-related to the second event and the neural responses of the initial event 
were accounted for in the design model. Furthermore, active maintenance of words is typically 
associated with activity in a left hemispheric set of brain regions including the inferior prefrontal 
cortex and the temporal-parietal junction (Nagahama et al., 1999; Prabhakaran et al., 2000; Sakai et 
al., 2002b, a; Passingham and Sakai, 2004; Narayanan et al., 2005; Hart et al., 2006). Thus, our results 
can be more readily attributed to an actual binding operation, a retrieval/reactivation operation or 
both.
The posterior parahippocampal area has often been implicated in actual binding (Davachi et al., 
2003; Ranganath et al., 2004a; Ranganath et al., 2004b; Prince et al., 2005; Sommer et al., 2005b; 
Sommer et al., 2005a), processing contextual associations (Aminoff et al., 2007), and long-term 
memory formation (Brewer et al., 1998; Wagner et al., 1998; Schon et al., 2004; Schon et al., 2005). 
Consistently, (Eichenbaum, 2000) concluded from animal experiments that parahippocampal regions 
are involved in the encoding of associations into an integrated representation. In non-human 
primates, the inferior temporal cortex (consisting of two distinct but mutually interconnected areas: 
area TE and area 36), including the parahippocampal region, has been proposed to be involved in 
associative long-term memory formation of visual information (Squire and Zola-Morgan, 1991; 
Murray et al., 1993; Miyashita and Hayashi, 2000; Messinger et al., 2001). However, this does not 
contradict the well-established view that the hippocampus is critically involved in the formation of 
associative memories. Our results also confirm that the hippocampus is generally activated when 
new associative memories including simultaneous association and discontinuous associations are
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successfully formed. The posterior parahippocampal area seems to play a specific role when 
discontinuous associations are successfully encoded into episodic memory.
The dorsolateral prefrontal cortex (together with the basal ganglia) has been associated with the 
maintenance and associative binding of complex information, including across-temporal associations 
(Fuster et al., 2000; Prabhakaran et al., 2000; Pasupathy and Miller, 2005), and the top-down control 
of memory retrieval/reactivation (Miyashita, 2004). For instance, lesions including the dorsolateral 
prefrontal cortex in humans and nonhuman primates impair performance of specific working 
memory tasks like the associative learning task (i.e., forming and rearranging of arbitrary 
associations) (Petrides, 1985, 1997; Asaad et al., 1998). Numerous functional neuroimaging studies 
have confirmed that the dorsolateral prefrontal cortex contributes to executive control processes 
such as selection and active maintenance in working memory (Rowe et al., 2000; Sakai et al., 2002a; 
Curtis and D'Esposito, 2003; Curtis et al., 2004; Curtis and D'Esposito, 2006). Moreover, some recent 
studies found that this brain region contributes to long-term memory formation through its role in 
organizing information in working memory (Wagner, 1999; Blumenfeld and Ranganath, 2007). 
Several lines of evidence also have suggested that the dorsolateral prefrontal cortex interacts closely 
with the basal ganglia when complex information has to be maintained in working memory (Levy et 
al., 1997; Ashby et al., 2005; Pasupathy and Miller, 2005; Chudasama and Robbins, 2006; O'Reilly and 
Frank, 2006). Hence, our finding of dorsolateral prefrontal and caudate nucleus activity related to the 
successful encoding of discontinuous events might be explained by higher organizational demands 
during associative binding.
An alternative, yet not mutually exclusive explanation for the dorsolateral prefrontal 
contribution might be related to the top-down control of memory retrieval/reactivation. Previous 
lesion studies, single-unit neurophysiological, and functional neuroimaging studies have suggested 
that the dorsolateral prefrontal cortex is the source of top-down signals that reactivate neural 
representations in posterior cortical areas like parietal and occipital midline structures (Miyashita 
and Hayashi, 2000; Ranganath and D'Esposito, 2005). In addition, the medial temporal lobe also 
appears to be involved in top-down control of memory retrieval/reactivation, but by another aspect 
(Miyashita and Hayashi, 2000; Ranganath and D'Esposito, 2005). For instance, the medial temporal 
activity spreading backwards reactivates relevant neurons in more posterior inferior temporal 
regions (Naya et al., 1996; Naya et al., 2001). While signals from the parahippocampal cortex during 
retrieval may actually trigger the reactivation of relevant information whenever rehearsal and thus 
active working-memory maintenance were interrupted, signals from the prefrontal cortex are always 
engaged in the selection of task relevant information in order to guide behavior (Sakai et al., 2002a; 
Sakai, 2003; Sakai and Passingham, 2004). Taken together, the dorsolateral prefrontal and posterior 
parahippocampal activation specifically related to the successful encoding of discontinuous events 
might reflect that these two areas trigger the reactivation of the representation of the initial event,
48
MTL and PFC in discontinuous associative m em ory formation
allowing it to be successfully associated with the second event, in order to form a new association 
across time into episodic memory.
As shown by our data, posterior midline structures like the precuneus/posterior cingulate cortex 
are also involved in the formation of discontinuous associations. In the formation of discontinuous 
associations, when receiving top-down signals this brain region might mediate reactivation/retrieval 
of the internal representation of the initial event and attention orientations (i.e., directing attention 
to the internal representation of the initial event, shifting attention between the initial event and the 
second event) (Cavanna and Trimble, 2006). For example, activity in posterior midline structures is 
often reported by functional neuroimaging studies to be related to memory retrieval (Fletcher et al., 
1995b; Fletcher et al., 1995a; Fletcher et al., 1996; Cabeza et al., 1997; Cabeza and Nyberg, 2000; 
Wheeler et al., 2000; Wheeler and Buckner, 2003; Wagner et al., 2005; Wheeler et al., 2006) and 
attention orientation tasks (Nagahama et al., 1999). The activity of these regions could play a role in 
perceptual reactivation process during remembering and memory retrieval as necessary for episodic 
memories (Wheeler et al., 2000; Wheeler et al., 2006). The occipital-temporal region including the 
middle temporal gyrus and superior occipital gyrus could be related to visual processing of 
individual aspects of a discontinuous association during associative operations (Yonelinas et al., 2001; 
Mather et al., 2006). Moreover, one recent neuroimaging study suggests that the posterior brain 
regions like intra-parietal sulcus, precuneus, posterior cingulate cortex and superior temporal gyrus 
are also involved in the multifeatural contextual encoding of disparate features of an episode into a 
common memory representation (Uncapher et al., 2006).
However, several theories suggest that the hippocampus is critically engaged in bridging 
discontinuities across time (Rawlins, 1995; Wallenstein et al., 1998; Eichenbaum, 2004). The 
hippocampal coding of local context is thought to be important for accurate sequence encoding 
(Wallenstein et al., 1998; Eichenbaum, 2004; Kumaran and Maguire, 2006). Similarly, a recent event- 
related fMRI study confirms that the hippocampus is involved in the process of 'discontinuity 
association', bridging a delay between the constituents of word-pairs in anticipation of a semantic 
relatedness judgment (Luo and Niki, 2005). However, this finding was not directly related to memory 
formation. Although our present results replicate that the hippocampus plays a general role in 
storing new associations (Eichenbaum, 2000; Sperling et al., 2003; Eichenbaum, 2004; Jackson and 
Schacter, 2004; Prince et al., 2005), we did not observe a preference for the formation of 
discontinuous associations. However, our task differs significantly from typical sequence encoding 
tasks, in which the order of items and thus contextual coding is most critical. This contextual coding 
is thought to be mediated by the hippocampus that creates 'context units', which do not represent 
particular items, but instead support the 'glueing' together of sequential items (Wallenstein et al., 
1998; Eichenbaum, 2004; Kumaran and Maguire, 2006).
In conclusion, our main finding is that there is a (set of) operation(s) that specifically stores 
discontinuous events into memory, a fundamental supplement to previous studies on episodic
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memory formation. We suggest that, under goal-directed long-term memory formation, top-down 
signals from the prefrontal cortex and the MTL may trigger reactivation of internal representations 
in posterior midline structures of the first event (Tomita et al., 1999; Miyashita and Hayashi, 2000; 
Sakai et al., 2002b; Sakai, 2003; Miyashita, 2004; Sakai and Passingham, 2004), thus allowing it to be 
associated with the second event. At the same time, the dorsolateral prefrontal cortex together with 
the basal ganglia may support this encoding operation by executive and binding processes within 
working memory (Prabhakaran et al., 2000; Pasupathy and Miller, 2005). Finally, the posterior 
parahippocampal area may play a role in binding and actual forming new memory traces. Future 
studies, however, have to dissociate the functional roles of these brain regions implicated here in the 
transformation of discontinuous association into episodic memory.
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Abstract
Although commonly used, the term memory strength is not well defined. Besides durability, it has 
been conceptualized by retrieval characteristics, such as the subjective confidence associated with 
retrieval, or more objectively, by the amount of details accurately retrieved. Behaviorally, these 
subjective and objective measures are not necessarily correlated with each other, indicating that 
distinct neural circuits may underlie these two dimensions of memory strength. Thus, this study 
aimed at disentangling neural activity during memory formation subsequently associated with either 
a subjective or an objective measure of memory strength. Using functional magnetic resonance 
imaging (MRI), participants were scanned while they were incidentally encoding a series of 
photographs of complex scenes. The next day, they underwent two memory tests, quantifying 
memory strength either subjectively (confidence rating) or objectively (number of details accurately 
remembered). Correlations between these two measurements were mutually partialled out in 
subsequent memory analyses of fMRI data. Results revealed that activation of the left ventral-lateral 
prefrontal cortex and a region at the temporoparietal junction predicted subsequent confidence 
ratings. In contrast, parahippocampal and hippocampal activity predicted memory strength 
objectively as indexed by the number of details remembered. Our findings suggest that the term 
memory strength describes at least two distinct phenomena. One phenomenon appears related to 
prefrontal and temporo-parietal top-down modulations at encoding, which regulates subjective 
sense of memory strength. The other phenomenon is likely related to medial-temporal relational 
binding processes which mediate objective memory strength. Thus, our study dissociated two 
distinct phenomena that are usually both described as memory strength.
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4.1 Introduction
Strong memories are often characterized as those memories that remain stable, while time or 
interference eliminates weak memories. Beside this durability concept, memory strength has also 
been conceptualized by retrieval characteristics (Ebbinghaus, 1885; Schacter, 1995). Thus, a strong 
memory can be defined as a memory that is retrieved with either high subjective confidence or with 
high objective accuracy for memory content(s). Behaviorally, however, these subjective and objective 
dimensions of memory strength are not necessarily correlated with each other (Schacter, 1995, 2001; 
Kensinger, 2008), suggesting that they may be related to distinct neural processes.
Several well-documented everyday phenomena of memory distortions indicate that the 
dissociation between subjective and objective dimensions of memory strength is relevant. High 
confidence of subjective experience, for instance, is not always veridical, as in cases of eyewitness 
misidentification or illusory memory (Loftus, 1979b; Schacter, 2001; Kensinger, 2008). Moreover, 
converging evidence from neuropsychological and functional neuroimaging studies on memory 
distortions indicate that distinct neural processes underlie subjective and objective memory strength. 
At "retrieval” of true and false memories, a frontal-parietal network appears related to the subjective 
sense of recollection in absence of veridicality (Schacter et al., 1996a; Schacter et al., 1996b; Chua et 
al., 2006; Kim and Cabeza, 2007b; Simons et al., in press). In contrast, activation in the medial 
temporal lobe (MTL) is associated with the successful encoding and retrieval of true memories only 
(Cabeza et al., 2001; Kao et al., 2005; Davachi, 2006; Eichenbaum et al., 2007; Squire et al., 2007), 
indicating an association with the objective dimension of memory strength. These studies probing 
neural correlates of false memories, however, do not directly address the question whether neural 
operations at encoding distinguish between subsequent memories that are either characterized by 
subjective or objective dimensions of memory strength.
We therefore developed a paradigm that allowed us to dissociate memory encoding-related 
neural activity associated with either subjective or objective memory strength. During event-related 
functional MRI, participants learned incidentally a series of photographs of complex scenes. Two 
different memory tests were completed one day later. In one test, participants rated their subjective 
confidence with which they remembered having seen photographs corresponding with one-sentence 
written descriptions. In a second test, participants were required to distinguish three true from three 
false details of each event (or complex scene). Importantly, because these two measures are likely 
correlated, both measures were thus orthogonalized with respect to the other measure before they 
were entered into linear parametric analyses of functional brain imaging data. This allowed us to 
identify and dissociate neural activity uniquely associated with either subjective or objective 
dimensions of memory strength. Drawing on previous findings of distinct neural signatures of false 
and true memories, we expected that prefrontal activity would predict memory strength based on 
subjective measures (confidence ratings), and that MTL activity would predict memory strength 
based on objective measures (memory for details).
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4.2 Methods and materials
4.2.1 Participants
Twenty-two young, healthy, male volunteers (aged 19 - 36 yrs; mean ± S.D., 22.7 ± 4.01 yrs) with 
normal (or corrected) vision participated in this study. Participants were healthy and reported no 
history of neurological or psychiatric disease. Participants gave written informed consent in 
accordance with the requirements of the local institutional review board (CMO Arnhem-Nijmegen) 
and the declaration of Helsinki. Data of two participants were excluded from further analysis: one 
due to poor memory performance (hit rate at chance level of 0.5) and the other one due to excessive 
head movement during scanning (more than 4 mm within one run).
Table 4.1 An example of written picture descriptions for gist and details
4
Gist A man nearby his glider.
True Fictitious Sig.
Man wears black T-shirt Man wears white T-shirt 0 . 1 2
Pairs of
Man wears white hat Man wears black hat 0.18
details Man with red backpack Man with blue backpack 0.23
Trees at the background Houses at the background 0.13
Cloudy sky Blue sky 0.50
Cabin of glider open Cabin of glider closes 0 . 1 1
Notes: Sig. stands for the significance on the difference of the likelihood ratings between actual and factitious 
details, which was obtained from a separate pilot study.
4.2.2 Stimuli
Initially, we carefully selected 200 color photographs of scenes depicting distinct meaningful 
activities related to either humans or animals from a commercially available image database 
(http://www.shutterstock.com/). For each picture, we created a sentence of 5 to 10 words 
describing the central meaning of the scene on basis of the following two criteria: first, the sentence 
should be sufficient to identify the photograph and to distinguish it from the other scenes. Second, 
the sentence should not include any peripheral detail. Another identical structured set of sentences 
(based on different photographs that were not used in this study) were created as lures for the 
memory test. Moreover, for the memory test on details, eight details were identified in each picture. 
For each detail, we made both a true and an adapted false (but equally plausible) detail, resulting in 
eight pairs of true and false details for each picture. These eight pairs per picture were used in a 
separate pilot study, in which ten additional participants rated the likelihood that these true and false 
details would occur in a scene described by the one-sentence description, but without having seen
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the actual photographs of the scenes. The difference of likelihood ratings between true and false 
details was calculated for each pair and across participants. Only true and false details whose 
likelihood ratings did not differ significantly (p > .05) were used for the actual experiment (see Table
4.1 for an example). Written descriptions of pictures which were rated as unclear descriptions by any 
participant were furthermore excluded. The final stimulus set used for the fMRI experiment 
consisted of 150 scenes (plus 10 extra scenes for the training set) with one-sentence descriptions 
and 6 pairs of true and false details. Luminance of all selected pictures was equalized.
4.2.3 Procedure and tasks
The experiment consisted of a study phase on the first day (Day 1) and two memory tests on the 
consecutive day (Day 2) (see Figure 4.1). During the study phase, participants were scanned while 
performing an incidental encoding task on 150 sequentially and centrally presented photographs 
(presentation time: 6 s, mean inter trial interval, 6 s, randomly varying between 3 and 9 s in steps of 
1 s). Participants were instructed to imagine themselves being in the scene as vividly as possible, and 
to make a judgment of how much they would like to be present in that scene on a 
Day 1 Day 2
fMRI scanning + eye-tracker
Encoding 1 Encoding 2 Encoding 3
n = 50 n = 50 n = 50
/  i2min 12 min 12 min
+
Memory te s t for 
probing confidence
A man nearby his glider.
100% 1% 1% 100% 
Confidence Confidence
Memory te s t for 
probing detail m em ory
A man nearby his glider.
Man with red backpack
6.0 s
3.0 -9.0 s
Figure 4.1 Experimental design: The experiment consisted of a study phase on the first day (Day 1) and two 
subsequent memory tests on the consecutive day (Day 2). In the study phase, participants were scanned 
while they were incidentally encoding 150 complex scenes. The study phase was divided into three runs 
with 50 trials each. Around 24 hours later (Day 2), participants were given a surprise memory test for 
written scene descriptions with subjective confidence ratings on a visual analog scale (i.e., 1 % - 1 0 0 %) 
randomly intermixed with lures. Next, they were given a second memory test assessing how many details 
were accurately remembered for each scene (see Materials and Methods for more details).
four-point scale (i.e., '1', would like it very much; '2', would like it; ‘3’, would not like it; ‘4’, would not
4
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like it at all). To ensure that participants did not expect any subsequent memory tests, they were told 
that they participated in a study on mental imagery. Moreover, they were informed that their eye 
movements would be recorded using an eye-tracker. The study phase was divided into three runs of 
50 trials each. Within each run, 10 null events of 6 s duration were pseudorandomly intermixed to 
minimize potential effects of expectation and optimize contrast-to-noise ratio of event-related fMRI 
signal. Each run lasted around 12 minutes. To familiarize participants beforehand with the procedure, 
they were trained twice using ten trials, which were not used in the actual experiment.
Approximately at the same time on the consecutive day (mean interval: 23.5 ± 1.2 h), 
participants came back and performed two surprise memory tests. Before the start of these tests, 
participants were asked whether they had expected a subsequent memory test while being scanned 
the day before. None of them had expected any memory test(s). Thereafter, the experimenter 
debriefed the participants by explaining the rationale of the memory tests. The first test was included 
to assess confidence of scene recognition (i.e., subjective measure of memory strength). In this task, 
150 written descriptions of studied scenes were randomly intermixed with 150 descriptions of 
scenes that were not studied before. Participants were asked to judge whether each description was 
associated with a scene studied before or not (i.e., 'Yes’ or 'No') and give a confidence rating on a 
visual analog scale ranging from 0% to 100% by moving the cursor via a mouse movement to the 
appropriate position (see Figure 4.1). This task was self-paced with a trial duration limited to a range 
between 2 s and 8 s. The confidence scores were used in the fMRI data analysis to create trial-based 
parametric modulations of those trials associated with subsequent hits. To accommodate variability 
of their distribution, confidence ratings of each participant were grouped into four bins with 
increasing ratings. These four bins corresponded with equal lengths on the visual analogue scale in 
terms of each participant’s own response (see Table 4.2).
Table 4.2 Distribution pattern of confidence ratings for trials of hit (n = 20)
Somewhat sure Sure Most sure Extremely sure
Mean 14.70 14.10 10.70 59.45
(SE) (1.91) (0.81) (1.14) (4.22)
Rescaled Low confidence High confidence
Notes: To homogenize the number of trials for confidence ratings, trials received 'extremely sure' were grouped 
as later remembered with high confidence, and remaining trials were grouped as remembered with low 
confidence for fMRI data analysis.
The second memory test was included to assess how much detail the participants remembered 
for each scene. Here, the written descriptions of each studied scene were presented sequentially at 
the center of the screen for 1 s. After each description, three true and three false details related to the 
same scene were presented randomly intermixed one after another in the center of the screen.
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Participants were instructed to judge whether each detail was either true or false (see Figure 4.1). 
The selection of six true and false details was randomized separately for each scene and participant. 
To reduce the expectancy that 50% of details were correct, we randomly intermixed descriptions of 
practice trials, for which either all six details were true, or all six details were false. The detail 
memory test was divided into three blocks of 50 (non-practice) trials each. The task was self-paced 
limited to a presentation time per detail between 2 s and 8 s. The objective measure of memory 
strength for each trial (or each scene) was calculated by subtracting the number of false alarms 
(details incorrectly identified as true) from the number of hits (details correctly identified as true), 
resulting in an accuracy score that could range from -3 to +3 (see Table 3). The accuracy scores were 
again used to create trial-based parametric modulations in the fMRI data analysis for scenes that 
were subsequently remembered.
4.2.4 fMRI data acquisition
Whole brain T2*-weighted gradient echo EPI images with blood oxygenation level-dependent (BOLD) 
contrast were acquired with a Siemens Trio 3.0 T MR scanner (Erlangen, Germany) using an 
ascending slice acquisition sequence (37 axial slices, TR: 2.18 s; TE: 25 ms; flip angle: 90°; slice 
matrix size: 64 x 64; slice thickness: 3.0 mm; slice gap: 0.3 mm; FOV: 212 x 212 mm). The study phase 
was divided into three runs of 336 volumes each. High-resolution structural images (1 x 1 x 1 mm) 
were acquired using a T1-weighted three-dimensional magnetization-prepared rapid gradient-echo 
(MP-RAGE) sequence (TR: 2.3 s; TE: 2.96 ms, flip angle: 8°, FOV: 256 x 256 x 192 mm).
4.2.5 Memory performance data analysis
Memory performance of the two memory tests was separately assessed and submitted for further 
statistical testing to SPSS 16.0 (SPSS Inc., Chicago, Illinois), including separate one-sample t-tests for 
hit rate, sensitivity index and mean accuracy score against corresponding chance level. In addition, 
correlations between these subjective and objective measures were initially calculated on a trial-by- 
trial basis for each participant and then averaged across all participants. Individual correlation 
coefficients were Fisher’s z-transformed for further statistical testing. To homogenize the number of 
trials for each confidence ratings, they were rescaled as two categories of low ('somewhat sure’, ‘sure’ 
or 'most sure’) and high ('extremely sure’) levels of subjective memory strength (see Table 2). 
Similarly, seven points of accuracy score, reflecting objective memory strength, were rescaled as two 
categories of low ('-3' to '0') and high ('1' to '3') levels (see Table 3). This was further used for 
categorical fMRI data analysis.
4.2.6 fMRI data analysis
Image preprocessing and statistical analysis was performed using SPM5 
(http://www.fil.ion.ucl.ac.uk/spm). The first five EPI volumes were discarded to allow for T1 
equilibration. Remaining functional images were rigid-body motion corrected and the mean image
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was coregistered to each participant’s T1-weighted MR-image. Subsequently, images were corrected 
for slice acquisition timing, and transformed into a common stereotactic space (using the MNI152 
T1-template) and resampled into 2 mm isotropic voxels. Finally, images were spatially smoothed by 
convolving with an isotropic 3D-Gaussion kernel (8-mm full width at half maximum). The data were 
statistically analyzed using general linear models (GLM) and statistical parametric mapping (Friston 
et al., 1995).
To tackle the question about differential neural correlates of memory formation associated with 
either subsequent subjective or objective measure of memory strength, we first conducted an event- 
related parametric analysis with orthogonalized subjective and objective measures of memory 
strength as parametric modulations separately. Based on the memory test for one-sentence written 
descriptions of studied scenes, encoding trials were first sorted into two categories of 'remembered’ 
and ‘forgotten’ (see Table 2). Then, the two conditions were modeled as separate regressors and 
convolved with the canonical hemodynamic response function in SPM5. Trial-based confidence 
scores reflecting subjective memory strength were first standardized and then linearly transformed 
to partial out their shared covariance (see behavioral results for correlation coefficient) with 
accuracy scores resulting from the objective detail memory test. Subsequently, these orthogonalized 
confidence scores were included into a first-level GLM as linear parametric modulation covariates 
(for the 'remembered’ regressor) to account for neural activity specifically related to the subjective 
measure of memory strength. Similarly, trial-based accuracy scores were standardized and 
orthogonalized with respect to the confidence ratings, and then included as parametric modulations 
in a separate first-level GLM to account for neural activity uniquely associated with the objective 
measure of memory strength. Additionally, realignment parameters were included into all models to 
account for movement-related variability. Furthermore, we used high-pass filtering with a cutoff of 
1/128 Hz, global intensity normalization, and serial correlations correction using a first-order 
autoregressive (AR[1]) model.
Contrast parameter images for scene encoding (vs. fixation baseline), successful memory 
formation (one-sentence description remembered vs. forgotten), and parametric modulations 
corresponding with subjective and objective measures of memory strength were generated from 
within the first-level GLMs. Subsequently, those parameter images were submitted to second-level 
group analyses using one sample t-tests that treated participants as random variable. In the whole 
brain analysis, results from these analyses were initially thresholded at p < 0.001 (uncorrected), and 
then cluster sizes were used for statistical inferences. Unless otherwise specified, only clusters 
significant at p < 0.05 (corrected for multiple non-independent comparisons; Worsley et al., 1996) 
are reported with the MNI coordinates of their local maxima. Given our prior hypothesis regarding 
the MTL, two separate individual, anatomical masks were used as search volume for small volume 
corrections (SVC): one for the bilateral hippocampus and another one for the bilateral 
parahippocampal gyrus (Qin et al., 2009).
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Additionally, we performed a complementary analysis using a categorical model which allowed 
us to better illustrate the distinct correlates of subjective and objective memory strength in the MTL 
and the prefrontal cortex. In this first-level GLM, four separate regressors of interest were included 
corresponding with low and high levels of subjective and objective memory strength, only for trials 
that were later remembered (see above for more details): (1) high subjective and high objective 
memory strength (high-high); (2) high subjective but low objective memory strength (high-low); (3) 
low subjective but high objective memory strength (low-high); (4) low subjective and low objective 
memory strength (low-low). Remaining trials were modeled as condition of no interest This first 
level GLM included nuisance regressors and settings as described above. We then created two 
anatomically defined ROIs for the MTL (the bilateral hippocampus and the bilateral parahippocampal 
gyrus) and one for the ventral lateral prefrontal cortex. This latter ROI included voxels that fell both 
within the ventral lateral prefrontal cortex as defined in the automatic anatomical labeling template 
(Tzourio-Mazoyer et al., 2002) and within the cluster of activated voxels in this region for the main 
effect of scene encoding (vs. fixation baseline). Parameter estimates associated with each of the four 
regressors of interest described above were extracted from those ROIs at the individual level using 
MarsBar (http://marsbar.sourceforge.net: Brett et al., 2002), and averaged across voxels within 
regions. Subsequently, extracted data were visualized in bar graphs (see Figure 4.3) and submitted to 
separate 2 (subjective: low vs. high) by 2 (objective: low vs. high) repeated measures analyses of 
variance (ANOVAs) for further statistical testing in SPSS.
Table 4.3 Distribution pattern of objective detail memory accuracy for trials of hit
-3 - 2 - 1 0 1 2 3
Actual mean 0.60 4.65 16.10 27.80 28.15 17.70 3.95
(SE) (0.19) (0.55) (0.75) (1.35) (1.32) (1.15) (0.63)
Stimulated mean 1.55 9.28 23.19 30.92 23.19 9.28 1.55
(SE) 0.047 (0.28) (0.71) (0.94) (0.71) (0.28) (0.047)
Rescaled Low detail High detail
Notes: To homogenize the number of trials for accuracy, trials received '1 ', '2 ' or '3' were grouped as
remembered with high detail memory and trials received '-3, '-2', '-1' or '0' were grouped as remembered with 
low detail memory for fMRI data analysis.
4.3 Results
4.3.1 Memory performance
Participants successfully remembered more than two thirds of studied scenes when shown written 
descriptions of these scenes (mean ± SEM3, hit rate: 0.67 ± 0.02; false alarm rate: 0.20 ± 0.03; 
sensitivity index or d': 0.94 ± 0.05). Separate one-sample t-tests revealed that both the average hit
3 SE, standard error of mean.
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rates (t(19) = 7.88, p < 0.001) and discrimination indices (t(19) = 25.67, p < 0.001) were well above 
chance level. As shown in Table 4.2, trials that were later remembered received varying confidence 
ratings reflecting subjective memory strength.
The mean accuracy score for details, for trials of which the one-sentence description was 
correctly recognized, was 0.78 ± 0.02 (mean ± SE) across all participants. Statistically, performance 
was well above (zero) chance level (t(19) = 5.86, p < 0.001). Averaged number of trials 
corresponding to each point of accuracy score is listed in Table 4.3. Together with the subjective 
confidence ratings for recognition of the one-sentence descriptions, these results indicate successful 
memory formation with varying levels of subjective and objective memory strength.
Table 4.4 Brain activations related to encoding of complex pictures (All trials during encoding vs. Fixation)
4
Brain regions
R/L BA
T values MNI152 coordinates 
x y z
Occipital cortex L 19 18.12*** -32 -90 18
R 17/18 2 0 .2 2 *** 4 -92 ■6
18 18.58*** 44 -78 - 8
Fusiform gyrus L 19/37 19.53*** -26 -48 - 6
2 0 18.77*** -30 -44 -18
Parahippocampal cortex
R 19 2 1 .2 0 *** 28 -60 - 8
2 0 16.48*** 36 -40 ■18
Hippocampus L - 12.86*** -28 -28 -12
- 13.25*** -24 -20 -18
R - 12.99*** 26 24 -16
- 13.54*** 24 -30 -6
Ventral lateral PFC L 45 1 1 .2 2 *** -28 24 2
R 47 10.16*** 30 32 -1 0
Perirhinal cortex L 2 1 8.81*** -36 - 1 0 -28
R 2 1 8  1 1 *** 38 - 8  -:28
Midbrain /  Brain stem L - 8 .0 1 *** - 2  -■28 -1 2
R - 7.68*** - 2  -■34 -32
Notes: The local maxima are given in Montreal Neurological Institute (MNI) standard space in SPM5. *** p < 0.05 
whole brain FWE corrected; PFC, prefrontal cortex; L, left; R, right; BA, Brodmann Area; MNI, Montreal 
Neurological Institute in SPM5.
Next, we investigated whether subjective and objective measures of memory strength were 
correlated on a trial-by-trial basis. The averaged Fisher's z-transformed correlation between 
subjective and objective measures of memory strength was 0.19 ± 0.02 (mean ± SEM) across
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participants, which is significantly above zero (t(19) = 7.91, p < 0.001]. Thus, as expected, subjective 
and objective measures of memory strength were positively correlated.
4.3.2 Neuroimaging results from parametric models
First, we contrasted all encoding trials with low-level baseline fixation. This contrast revealed a set of 
widely distributed regions, including occipital-temporal areas extending into the MTL, the bilateral 
lateral prefrontal cortex (PFC] and other regions (see Table 4.4). Subsequently, by contrasting trials 
that were later remembered with those later forgotten based on recognition of the one-sentence 
descriptions, we found subsequent memory effects in the bilateral hippocampus and the left inferior 
lateral and ventral medial PFC (see Table 4.5). These effects are in line with previous studies showing 
medial temporal and prefrontal involvement in memory formation.
Figure 4.2 Brain activation 
related to subsequent 
subjective and objective 
measures of memory 
strength in the parametric 
models. Statistical
parametric maps are 
overlaid onto a high­
resolution T1 template in 
MNI152 space (cluster-level 
p < 0.05, corrected). (A) 
Areas exhibiting a positive 
correlation with subjective 
memory strength (i.e., 
subsequent ratings of 
confidence), including the
A Subjective measure B Objective measure
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left ventral lateral PFC (marked by a circle; left upper panel) and the left temporoparietal junction (left lower); 
(B) Areas exhibiting a positive (partial) correlation with objective memory strength (i.e., accuracy scores of 
detail memory), including the left hippocampus (marked by a circle; right upper panel) and the bilateral 
parahippocampal cortex (right lower). Notes: PFC, prefrontal cortex; L, left; P, posterior.
4
More important for the question at issue, we investigated which brain regions exhibited activity 
that was positively correlated with subsequent ratings of subjective confidence. This parametric 
analysis was restricted to trials of which the one-sentence description was later remembered, and 
was performed after partialling out objective memory strength (i.e., accuracy scores of detail 
memory) using linear orthogonalization. This analysis yielded positive correlations between 
subjective memory strength and activity in the left ventral lateral PFC and the left posterior superior
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temporal gyrus, extending into the lateral parietal cortex (Table 4.5; Figure 4.2A). Thus, these results 
indicate that activation of these regions specifically predicted levels of subjective memory strength.
Table 4.5 B rain activations related to memory formation in parametric analyses
MNI152 coordinates
Brain regions R/L BA T values x y z
4
Subsequent memory effect: Remembered vs. Forgotten
Posterior fusiform gyrus R 19 5.66*** 40 - 6 8  -10
Parahippocampal cortex R 3 6 /37  4.61** -38 -34 -8
Hippocampus - 4.31** -30 -26 -10
- 4.50** -16 -34 0
R - 4.39** 26 -24 -14
Ventral lateral PFC L 45 3.86* -40 34 - 6
Ventral medial PFC 10 3.99* - 8  46-8
Positive correlations with subjective memory strength
Superior temporal gyrus L 39 6.57*** -48 -60 22
Posterior ITC R 19 5.75*** 50 - 6 8  -12
37 5.27*** 48 -56 -14
Ventral lateral PFC L 47 5.08*** -46 22 -2
45 4.52*** -52 24 10
Positive correlation with objective memory strength
Parahippocampal cortex L 20 /37 6.75*** -30 -36 -14
R 20 /36 5.45*** 36 -36 -14
Precuneus L 2 1 5.75*** -28 -76 34
Hippocampus L - 4.08** -22 -14 -14
Ventral lateral PFC L 45 4.40* -44 36 -12
Notes: The local maxima are given in Montreal Neurological Institute (MNI) standard space in SPM5. *** p < 0.05 
at cluster level corrected; ** p < 0.05 at small volume correction (SVC); * p < 0.001 uncorrected. ITC, inferior 
temporal cortex; PFC, prefrontal cortex; L, left; R, right; BA, Brodmann Area.
Subsequently, we identified brain regions specifically associated with objective memory strength. 
This analysis was again limited to trials of which the one-sentence description was remembered, but 
now the objective memory scores were orthogonalized with respect to subjective memory strength. 
Clusters of voxels exhibiting a positive correlation with objective memory strength were found in the 
bilateral parahippocampal cortex, extending into the hippocampus and the fusiform gyrus, and in the
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left anterior hippocampus (Figure 4.2B). Additionally, one significant cluster was found outside of the 
MTL in the left anterior middle temporal gyrus (see Table 4.5).
A Objective memory strength Left ventral lateral PFC
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Figure 4.3 Data from the 
categorical model showing the 
left ventral lateral PFC and the 
MTL activity associated with 
subjective and objective memory 
strength. (A) Left panel: The left 
ventral lateral prefrontal activity 
showed a main effect of 
subjective but not objective 
memory strength; Right panel: 
Combination of anatomically 
defined (coded in light gray) and 
functionally defined (based on 
the contrast of overall activation 
vs. fixation baseline; coded in 
red) ventral lateral PFC overlaid 
onto a high-resolution T1 
template in MNI152 space. (B) 
Left panel: Anatomically defined 
bilateral hippocampus (coded in 
red) and bilateral PHC (coded in 
blue) overlaid onto a high­
resolution T1 template in 
MNI152 space. Right panel:
Hippocampal (right upper) as well as parahippocampal (right lower) activity predicted subsequent objective 
memory strength regardless of subjective memory strength. Notes: PHC, parahippocampal cortex; PFC, 
prefrontal cortex; MTL, medial temporal lobe.
4
B
4.3.3 Neuroimaging results from categorical model
We next extracted parameter estimates from our main regions of interest in the PFC and MTL to 
further characterize and illustrate the distinct contributions of these regions to subjective and 
objective dimensions of memory strength. Figure 4.3 shows averaged parameter estimates after trials 
were categorized into four categories (high-high, high-low, low-high, or low-low) according to high 
and low levels of subjective and objective memory scores. Further statistical analysis of these 
extracted data also revealed that the left ventral lateral PFC exhibited a main effect of subjective 
memory strength (F(1,19) = 6.72, p = 0.018). However, neither the main effect of objective memory 
strength nor the interaction of both factors (both F(1,19) < 1.90, both p > 0.18) reached significance.
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In contrast, both the hippocampus and the parahippocampal cortex showed a main effect of objective 
memory strength (both F(1,19) > 16.60, both p < 0.001), but neither a significant main effect of 
subjective memory strength nor the interaction effect (all F(1,19) < 1). These results again indicate 
that ventral lateral PFC activity predicted subsequent subjective confidence ratings, whereas 
hippocampal and parahippocampal activity predicted subsequent measures of objective memory 
strength (see Figure 4.3A&B).
4.4 Discussion
Here we dissociated neural correlates of successful memory formation related to a subjective or an 
objective measure of memory strength. While activation of the left ventral lateral PFC and the 
temporoparietal junction predicted subsequent levels of subjective confidence when remembering a 
past event, parahippocampal and hippocampal activity predicted objective accuracy, as assessed by 
the number of details correctly remembered. As we will discuss below, these findings show that 
distinct neural processes at encoding are related to the subjective and objective dimensions of 
memory strength and thus, our findings provide some initial evidence for the notion of multi­
dimensional representations of our memories.
It has been suggested that the subjective confidence of remembering and the objective 
veridicality of a memory are not always correlated with each other, as evidenced by several 
phenomena on memory distortions (Loftus, 1979b; Schacter, 2001; Kensinger, 2008). These 
behavioral findings imply that neural representations of a memory are multi-dimensional. Thus, it 
appears that the strength of a memory can be determined at least in terms of these two dimensions - 
subjective and objective strength. Previous imaging studies using conventional recognition memory 
paradigms with confidence ratings assessed the subjective memory strength only (Kirwan et al., 
2008; Shrager et al., 2008). Hence, they did not dissociate this subjective confidence with which 
retrieval occurred from objective measures of memory strength. Neuropsychological and functional 
imaging studies on the false memory phenomena have suggested that frontal parietal areas are 
associate with the retrieval of false or illusory memories, while the medial temporal lobe is 
associated with successful encoding and retrieval of true memories (Schacter et al., 1996a; Schacter 
et al., 1996b; Cabeza et al., 2001; Budson et al., 2002; Chua et al., 2004; Chua et al., 2006; Kim and 
Cabeza, 2007b, a; Kensinger, 2008). Extending these studies on false memories, our present study 
demonstrates, by focusing on veridical memories, that the magnitude of frontal parietal and medial 
temporal activations during study predicted subsequent levels of subjective and objective memory 
strength, respectively. In other words, distinct neural correlates predicted subsequent confidence in 
and accurate retrieval of veridical memories.
Our findings suggest that activity in specific frontal parietal regions contribute to memory 
strength by predicting the subjective sense of confidence associated with retrieval. These regions 
have been associated with several memory- and metamemory-related processes such as semantic
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processing, internal monitoring and allocation of attentional resources (Wagner, 1999; Metcalfe, 
2000; Miller and Cohen, 2001; Simons and Spiers, 2003; Cabeza et al., 2008)Such processes are 
thought to facilitate rapid capturing of the semantic gist of complex visual information or creating a 
proactive sense for a novel experience (Bar, 2003, 2009). Remembering the gist may lead to a highly 
subjective sense of remembering a past event, but it might not be necessarily correlated with 
verbatim details. Also, patients with parietal lesions show reduced confidence in remembering the 
richness of their memories while leaving overall memory performance intact (Simons and Mayes, 
2008; Simons et al., in press). Hence, subjective memory strength may be a consequence of frontal­
parietal processes involved in extracting a semantically coded gist of visual stimuli and/or top-down 
modulations of metamemory-related processes including internal monitoring and allocation of 
attentional resources.
The parahippocampal cortex and the hippocampus appear to form memories about details and 
their association with a specific event (picture), which may be mediated by the well-known relational 
binding mechanism of the medial temporal lobe and their plasticity (Davachi, 2006; Diana et al., 2007; 
Eichenbaum et al., 2007). In our study, memory strength was objectively measured by assessing the 
amount of details that was recalled accurately in a subsequent memory test. In line with a recent 
neurocognitive model, memory strength can be objectively determined by the number of feature 
units that can be successfully reinstated during retrieval (Shimamura and Wickens, 2009). To form a 
strong, objectively defined memory, neural resources are required that unitize feature units (or 
details) into a coherent episodic memory. The more such resources are involved when forming a new 
episodic memory the more feature units of that episode are established and thus the more details can 
be remembered. The hierarchical organization of medial temporal lobe provides an optimal structure, 
in which of neural processing streams from diverse association areas converge (Squire et al., 2004; 
Suzuki and Amaral, 2004; Fernández and Tendolkar, 2006; Suzuki and Baxter, 2009).
The dissociation between subjective and objective dimensions of memory strength appears 
highly useful for the flexile use of memories. The frontal parietal contribution, predicting the 
subjective sense of memory strength, is beneficial for rapidly extracting the gist of a complex event in 
support for a quick categorical decision or prediction when it is necessary (Bar, 2003, 2009). The 
medial temporal lobe, in contrast, appears to contribute to building memories about details so that 
accurate descriptions of past events can be retrieved. It remains open, however, how these two (sets 
of) processes are coordinated when new memories are formed. In some instances, the optimal 
balance between these distinct neural processes could be altered. One may speculate that arousal or 
an acute stress response might affect this balance resulting in memory distortions, i.e., eyewitness 
misidentification, high subjective sense of recollection in absence of objective veridicality and so on 
(Schacter, 2001; Sharot et al., 2007; Kensinger, 2008; Phelps and Sharot, 2008; Simons et al., in press). 
It would be relevant for future research to address how the brain achieves a balance between the 
subjective and objective dimension optimal for the challenge at issue.
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In sum, this study provides initial evidence for the notion that memory traces are multi­
dimensional constructs that can be at least defined along two distinct dimensions - a subjective and 
an objective one. The subjective dimension appears established by frontal-parietal processing and 
determines how strong a memory is perceived at retrieval. The objective dimension is established by 
medial-temporal processing and determines how accurate specific details are later remembered. 
Further research is needed to understand how the balance between the two dimensions is 
modulated during encoding.
Acknowledgments
This work was supported by Grant No. 918.66.613 from the Netherlands Organization for Scientific 
Research (NWO). We thank Dr. Jianhui Wu for helpful discussions. We also thank all participants for 
their participation in this study.
4
66
Chapter 5
Intermediate levels of hippocampal activity appear optimal for 
associative memory formation
Xiao Liu, Shaozheng Qin, Mark Rijpkema, Jing Luo, Guillen Fernandez
Submitted for publication in: PloS ONE (accepted)
Chapter 5
Abstract
Background: It is well-established that hippocampal activity is positively related to effective 
associative memory formation. However, in biological systems often optimal levels of activity are 
contrasted by both sub- and supra-optimal levels. Sub-optimal levels of hippocampal activity are 
commonly attributed to unsuccessful memory formation, whereas the supra-optimal levels of 
hippocampal activity related to unsuccessful memory formation have been rarely studied. It is still 
unclear under what circumstances such supra-optimal levels of hippocampal activity occur. To clarify 
this issue, we aimed at creating a condition, in which supra-optimal hippocampal activity is 
associated with encoding failure. We assumed that such supra-optimal activity occurs when task­
relevant information is embedded in task-irrelevant, distracting information, which can be 
considered as noise. Methodology/Principal Findings: In the present fMRI study, we probed neural 
correlates of associative memory formation in a full-factorial design with associative memory 
(subsequently remembered versus forgotten) and noise (induced by high versus low distraction) as 
factors. Results showed that encoding failure was associated with supra-optimal activity in the high- 
distraction condition and with sub-optimal activity in the low distraction condition. Thus, we 
revealed evidence for a bell-shape function relating hippocampal activity with associative encoding 
success. Conclusions/Significance: Our findings indicate that intermediate levels of hippocampal 
activity are optimal while both too low and too high levels appear detrimental for associative 
memory formation. Supra-optimal levels of hippocampal activity seem to occur when task-irrelevant 
information is added to task-relevant signal. If such task-irrelevant noise is reduced adequately, 
hippocampal activity is lower and thus optimal for associative memory formation.
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5.1 Introduction
The integrity of the medial temporal lobe, with the hippocampus at its core, is essential for 
declarative memory (Scoville and Milner, 1957). There is growing evidence that the hippocampus 
plays a critical role when disparate information has to be bound together forming new memories of 
associations that can be used flexibly (Mayes et al., 2004; Eichenbaum et al., 2007; Vann et al., 2009). 
Functional imaging studies (Henke et al., 1997; Kirwan and Stark, 2004; Davachi, 2006) indicated as 
well that hippocampal activity at study is predictive for subsequent associative retrieval. These and 
many other studies showed consistently that more hippocampal activity at study is related to better 
associative memory. However, biological systems behave often non-linearly exhibiting typically a 
bell-shape dose- or activity-effect function(Yerkes and Dodson, 1908; Baldi and Bucherelli, 2005). In 
other words, one can assume that there are intermediate levels of hippocampal activity optimal for 
associative memory formation, whereas sub- and supra-optimal levels are related to less efficient 
memory formation. Functional imaging studies published so far appear to have tapped 
predominantly into sub-optimal and optimal levels of hippocampal activity related to subsequent 
misses and hits, respectively. However, several studies have reported a relationship between 
increased medial temporal lobe or hippocampal activity and memory failure (Henson et al., 1999; 
Davachi and Wagner, 2002; Kirwan and Stark, 2004; Henckens et al., 2009). These negative 
subsequent memory effects in the medial temporal lobe have received little attention, and under 
what circumstances such supra-optimal levels of hippocampal activity occur is still poorly 
understood.
In real life, relevant information encoded into memory has to be extracted usually from 
irrelevant background information, which can be regarded as noise. Thus, formation of cleanly 
defined and discrete memory traces against a background of irrelevant information requires ambient 
noise reduction. When task-relevant associative information is submerged in irrelevant information, 
a supra-optimal level of hippocampal activity might be caused by the combination of neural 
correlates of task-relevant and task-irrelevant information. However, such an excess would not 
enable effective memory formation, at least not for discrete task-relevant associations. In contrast, if 
ambient noise is reduced effectively in such a noisy state, successful associative memory formation 
would go along with a lower, intermediate level of hippocampal activity relative to unsuccessful 
associative memory formation (i.e., negative subsequent memory effect), because activity related to 
task-irrelevant information would be reduced. Also, in contrast to the optimal level, associative 
memory formation in a conventional, low-noise condition fails if hippocampal activity is not high 
enough (sub-optimal level of hippocampal activity) and thus, a positive subsequent memory effect 
occurs. There appears to be initial empirical support for the notion that task-irrelevant noise leads to 
supra-optimal levels of hippocampal activity at encoding. Henckens and colleagues (Henckens et al., 
2009) found a negative subsequent memory effect in the hippocampus when subjects memorized 
complex pictures while being in an experimentally induced state of psychological stress. In such a
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state, hypervigilance might lead to task-irrelevant noise affecting hippocampal processing. However, 
neuromodulators released during stress might have also other effects on hippocampal activity and 
thus, that study is in this regard not conclusive yet.
Therefore, in the present study we tested the hypothesis that intermediate levels of hippocampal 
activity are optimal for associative memory formation, while sub- and supra-optimal levels are 
associated with failure to form new associative memories. More specifically, we expect a negative 
subsequent memory effect in a high noise condition (i.e., subsequent remembered < subsequent 
forgotten) and a positive subsequent memory effect in a conventional low-noise condition (i.e., 
subsequent remembered > subsequent forgotten). To this end, we probed neural activity related to 
associative memory formation in a full-factorial design with the factor associative memory 
(association subsequently remembered versus forgotten) and the factor noise (high versus low 
distraction). While scanned, subjects memorized sequentially presented object-face pairs and the 
within-pair delay period was filled with either a simple visuo-motor control task (low distraction 
condition) or a working memory task (high distraction condition).
5.2 Methods and Materials
5.2.1 Participants
Ethics statement: All participants provided written informed consent in accordance with the 
declaration of Helsinki. This study was approved by the local ethics committee (Commissie 
Mensgebonden Onderzoek region Arnhem-Nijmegen, The Netherlands).
Twenty-four healthy, right handed subjects with normal or corrected to normal vision (13 
female; age 22.4 ± 2.9 yrs) were recruited from the Radboud University Research Participation 
System. They reported no neurological or psychiatric history. The data of seventeen subjects were 
used for further analysis. Data from seven subjects were excluded: one due to failure in data 
acquisition; one due to failure in comprehending task instructions, and five subjects showed poor 
memory performance at or close to chance level (25%) in the associative memory test.
5.2.2 Stimuli
Stimulus material consisted of 240 color photographs of objects and 360 color portraits (half males). 
The photographs of common, every day objects were selected from the Hemera Photo-Objects 
database (http://www.hemera.com). The portraits were color photographs of individuals from 
different European regions. These faces were photographed in a standardized fashion with mildly 
happy emotional expression, without headgear or glasses. One hundred-twenty out of 360 portraits 
were used as foils in the face recognition memory test, counterbalanced over subjects. All visual 
stimuli were presented in the center of the screen on a black background by Presentation software 
(www.neurobs.com).
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5.2.3 Task procedure
Initially, each subject went through a pre-experimental training session with two object-face pairs 
per condition not used in the actual experiment. The actual experiment consists of three phases:
(1) Pre-scan familiarization: Since we were not interested in single-item memory for the objects (we 
have a single item memory measure for faces), and since task difficulty was quite high, subjects were 
familiarized with all objects before they went into the scanner for associative encoding. Subjects 
were asked to name and memorize all objects half an hour prior to MRI scanning. Objects were 
presented twice, random sequentially, in random order at the center of the screen, each for 2s with a 
1s inter-stimulus interval.
A ________ B
Item recognition memory test
Object
3 s
3-6s
Face ITI
Rating of confidence 
1 2 3 4 5 6 
No Unsure Yes
Distraction Task
Letter
L,ow Distraction repeated or not
A A A A A A ? Yes/No
High Distraction
g B C e H C ? Yes/No
or
g B C e H J ? Yes/No
Time
3s 1.5-2.5s
C 5
Figure 5.1 Experimental paradigm for the encoding task inside the scanner (A) and the post-scan memory 
tests (B&C). (A) In each trial, the image of an object was presented first, followed by a fixation cross, the 
distraction task, and the face. The distraction task was either a simple visuo-motor control task (low 
distraction condition) or a working memory task (high distraction condition). In both tasks, six letters were 
sequentially presented and subjects had to indicate whether the final letter of each sequence was identical to 
one of the previous five letters. (B) Face recognition memory test Subjects had to make an old-new 
judgment on each sequentially presented face by a confidence rating on a six-point scale. (C) The associative 
memory test. Subjects had to connect the studied object-face pairs by lines and add a confidence rating.
(2) Scanning phase (encoding task): Figure 5.1 (A, top) shows the structure of the encoding task 
executed inside the scanner. Subjects were instructed to memorize 240 sequentially presented 
object-face pairs in which the object was always presented first for 1s. Subsequently a variable 
within-pair delay of 7.5 to 11.5 s followed and finally the face was presented for 3 s. The distraction
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task was presented at the end of the within-pair delay and directly followed by the face presentation, 
in order to induce clear interruption right before associations were formed. Each pair was separated 
by a jittered inter-pair delay of 3 to 6 s. To ensure the subjects perceived the object-face pairs as one 
pair, the object was presented with an open square bracket on the left to indicate opening and the 
face was present with a close square bracket on the right to indicate closure of the pair. The entire 
experiment consisted of four runs, each containing 60 pairs and lasting about 19 minutes.
Half of the within-pair delay periods were filled with a simple visuo-motor control task (low 
distraction condition) and the other half of the within-pair delay periods were filled with a working 
memory task (high distraction condition, Figure 5.1A, bottom). Both distraction tasks had a match-to- 
sample structure, in which six letters were sequentially presented in the center of the screen for 500 
ms, each with 500 ms intervals. In the simple visuo-motor control task, the capital letter "A” was 
presented six times. In the working memory task, six different letters (half upper case) or five 
different plus one repeated, final letter. Subjects were instructed to press corresponding buttons 
with their right index or middle finger at the end of the working memory task to show whether they 
detected a repeated letter, regardless of case. In the simple visuo-motor control task, they were 
instructed to give one random button press with their right index or middle finger at the end of each 
sequence.
(3) Post-scan memory tests: Two memory tests were applied immediately after scan. First, a face 
recognition memory test in which 240 old, previously studied faces were sequentially shown on a 
computer screen randomly intermixed with 120 new, yet unstudied faces. Subjects were instructed 
to indicate whether they had seen the face before in the scanner by a confidence rating on a six-point 
scale (Figure 5.1B). On this scale, a '6' response was associated with the highest confidence for prior 
occurrence and a '1' response with the highest confidence for a new stimulus. After completing the 
face recognition memory test, subjects performed an associative memory test in a paper-and-pencil 
manner: 240 object-face pairs were randomly assigned into 60 clusters with four pairs printed on 
each page. The locations of objects and faces were randomized (Figure 5.1C). Subjects were 
instructed to connect the studied pairs by lines and to add a confidence rating indicating whether 
they were absolutely sure that it is the right link (1), somewhat sure (2), or just guessing/excluding
(3).
5.2.4 fMRI data acquisition
Whole-brain T2*-weighted images were acquired on a 1.5 T Siemens Avanto MR-scanner. Functional 
images were recorded using an ascending slice acquisition EPI sequence (33 axial slices, matrix 
64x64, slice thickness 3.4 mm, slice gap 0.34 mm, flip-angle 90s, TR 2190 ms, TE 35 ms, voxel size 
3.3x3.3x3.4 mm3). T1-weighted anatomical images were acquired using an MPRAGE sequence (176 
sagittal slices, matrix 256x256, slice thickness 1mm, flip-angle 15s, TR 2250 ms, TE 2.95 ms, T1 = 
850 ms, voxel size 1x1x1 mm3).
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5.2.5 Behavioral data analysis
All statistical tests of behavioral data were performed using SPSS (15.0, SPSS Inc, Chicago, USA). To 
test whether subjects discriminated successfully between old (previously studied) and new 
(previously unstudied) faces, recognition memory data was analyzed using a 2x6 ANOVA with the 
study status of the items as one factor (old versus new) and the confidence rating as the other factor 
(six levels). Post-hoc paired-sample t-tests were applied to test for old-new discriminability at each 
level of confidence. Additionally, we tested whether recognition confidence for correctly identified 
old faces differed between the two distraction conditions (low versus high distraction) using a 2x6 
ANOVA with the factor distraction and the level of confidence.
Based on the results in the item and the associative memory tests (see Behavioral results), we 
further analyzed our data in a repeated measures 3x2 ANOVA. The first factor, memory status, 
contained three levels: Item forgotten (face and association forgotten), Association forgotten (face 
remembered but association forgotten), and Association remembered (both face and association 
remembered). The second factor was the distraction condition (low versus high distraction). In this 
way we investigated differences between memory status, distraction conditions, and their 
interactions.
5
5.2.6 fMRI data analysis
Image preprocessing and statistical analysis were performed using Statistical Parametric Mapping 
(SPM5, www.fil.ion.ucl.ac.uk) which ran under MATLAB 7.2 (MathWorks, Inc). The first five EPI 
volumes of each subject were discarded to allow for T1 equilibration. The images were preprocessed 
using the following processing steps: realignment to correct for head motion, coregistratration of the 
mean of the functional images to each subject's high resolution T1-weighted image, slice time 
correction, spatial normalized to a common stereotactic space defined by SPM MNI152 (Montreal 
Neurological Institute) T1 template, resampling into 3x3x3 mm voxels, and finally smoothing with an 
isotropic 3D Gaussian kernel with 8 mm FWHM. The data were statistically analyzed in the 
framework of the general linear model and statistical parametric mapping (Friston et al., 1995b).
For the first level analysis we specified a general linear model in which events were sorted into 
several regressors as a function of the trial component, the distraction condition, and subsequent 
memory. Firstly, the presentation of each object was included as an event of 1 s. The distraction 
period was modeled into two regressors (low and high distraction) for the period of the letter 
sequence (3 s). Since our main interest is the neural activity related to memory formation in the 
different conditions, the face presentations were included in the model as 3 s events and sorted into 
six different regressors according to the same six bins that we defined in the 3x2 design in the 
behavioral data analysis. All remaining trials were included into an extra condition of no interest.
Fixation periods were not modeled and used as a low level baseline. All regressors were convolved
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with the canonical Hemodynamic Response Function (HRF) in SPM5. In addition, the realignment 
parameters were separately modeled to account for movement-related variability.
Contrast images generated in the first level analysis were submitted to a group level full factorial 
3 x 2 ANOVA with a factor memory status (Item forgotten, Association forgotten, and Association 
remembered) and a factor distraction (low and high). To assess the brain activity during the 
distraction period, we contrasted the high and low distraction conditions at the onset of letter 
sequence. All other statistical tests were onset to face presentation. The non-associative memory 
effect was tested by contrasting Association forgotten trials with Item forgotten trials. To explore the 
subsequent associative memory effect and its interaction with the distraction condition, we 
contrasted Association remembered trials with Association forgotten ones, and additionally explored 
the interaction between memory status (Association remembered and Association forgotten) and 
distraction condition (low and high). Based on our hypothesis for the hippocampus, we applied a 
small volume correction (SVC) to the activated brain regions found in the associative memory 
contrast and the interaction using the anatomical automatic labeling template of the bilateral 
hippocampus (WFU PickAtlas toolbox in SPM). Significant interactions were further explored using 
post-hoc t-tests to reveal the differences between the separate conditions. In these t-tests the peak 
voxel of the interaction was assessed at the same statistical threshold as the interaction.
Beta values from significantly activated regions were extracted using MarsBaR 
(marsbar.sourceforge.net) for visualization purposes. All fMRI analyses in this study were 
thresholded at p (uncorrected) < 0.001, unless otherwise specified.
□ Low
Item Association Association 
Confidence rating f°rgotten f ° rgotten remembered
Figure 5.2 (A) Behavioral results of the face recognition memory test. Confidence ratings range from '1' 
(absolutely sure that the face is new) to '6 ' (absolutely sure that the face is old, i.e. has been studied during 
the encoding session). There were significant differences for old and new faces in all ratings except for rating 
'4'. (B) Subsequent memory performance based on the memory status (Item forgotten, Association forgotten, 
Association remembered) and the distraction condition (low and high distraction). There were no 
differences in performance between the different levels of distraction or memory status. Error bars 
represent standard error of the mean (SEM).
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5.3 Results
5.3.1 Behavioral results
Subjects gave in 89.00 ± 5.3 %  (Mean ± SD) of trials correct responses to the working memory task 
(high distraction condition). Reaction times in the simple visuo-motor control task (low distraction 
condition) were shorter than in the working memory task (paired-samples t test, 0.57 ± 0.13 relative 
to 0.78 ± 0.16, t(!7) = -8.29, p < 0.001). As intended, subjects were well able to do the two distraction 
tasks, but the high distraction task was substantially more difficult than the simple visuo-motor 
control task.
In the face recognition memory test, subjects were able to distinguish between old and new faces 
(2x6 ANOVA, interaction F(5, so) = 32.94, p < 0.001, Figure 5.2A). Post-hoc paired-samples t-test 
revealed that subjects could not discriminate between old and new faces when giving a confidence 
rating of ‘4’ (t(16) = -0.05, n.s.). The proportion of trials with rating 1, 2 and 3 was significantly higher 
for new faces than for old faces (all p < 0.005), and in rating 5 and 6 the reverse was true (both p < 
0.001). Therefore, old faces that received a '1', '2', or '3' rating were defined as forgotten and old 
faces that received a '5' or '6' rating were defined as remembered, faces received rating 4 were 
categorized as trials of "no interest” and excluded from further analysis. This definition is consistent 
with previous studies with similar design (Qin et al., 2007; Qin et al., 2009b). Using these definitions 
we assessed the subjects’ performance (number of remembered old faces divided by the total 
number of old faces) on the face recognition memory test Memory performance in this test was 
clearly above chance level (one-sample t test, t(16) = 4.28, p = 0.001). Confidence ratings for old faces’ 
recognition did not differ between the two levels of distraction (Fp, i6) = 0.76, n.s.).
Table 5.1 Mean number of trials separated for the factors distraction and subsequent memory
Item forgotten
Association
forgotten
Association
remembered No interest
Low Distraction 30.00 26.18 31.06 32.76
SD 15.60 8.32 14.67 11.29
High Distraction 30.06 27.00 29.76 33.18
SD 12.07 8.60 16.45 11.89
Notes: SD, standard deviation.
Given our associative memory test with a forced choice design, low confidence yet correct 
responses might be based on exclusion or guessing. To prevent this from confounding our results we 
(conservatively) considered all trials that received a low confidence rating of '3' as forgotten. Correct, 
confident answers ('1' or '2' ratings) were defined as remembered, and incorrect confident answers 
('1' or '2' ratings) were defined as forgotten. Using these definitions the subjects’ performance on 
this associative memory test for object-face pairs was calculated as the number of remembered trials
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divided by the total number of trials. Memory performance in this test was well above chance level 
(one-sample t test, t(16) = 11.72, p < 0.001).
Based on the results of the face recognition memory test and the associative memory test, we 
assigned all trials to their memory status: Item forgotten, Association forgotten (item remembered), 
and Association (and item) remembered, trials in which subjects selected the incorrect face in the 
recognition memory task, but successfully retrieved the association were sorted into the category of 
"no interest” and excluded from further analysis. Performance in neither (status) bin appeared 
affected by the type of distraction task (see Figure 5.2B, details are given in Table 5.1). Repeated 
measures 3x2 ANOVA revealed no main effect of distraction (Fp,i6) = 1.13, n.s.), no main effect of 
memory status (F(2,32) = 0.16, n.s.), and no interaction between the two factors (F(2,32) = 0.40, n.s.).
5.3.2 Imaging results
(1) Effect of distraction task: Imaging results for the distraction period showed a typical working 
memory activation pattern when contrasting the high with the low distraction condition. This 
contrast activated a set of brain regions including the bilateral middle frontal gyrus (BA 9), 
precuneus (BA 7), insula (BA 13), inferior occipital gyrus (BA 19) and fusiform gyrus (BA37), whole 
brain p(Family-Wise Error corrected) < 0.05. No hippocampal activation was found, even at a liberal 
threshold (p = 0.01, uncorrected).
Figure 5.3 Brain regions activated in associative memory formation (Association remembered > Association 
forgotten). Sagittal view (left) and coronal view (right) show the activation in the left hippocampus . Images 
are thresholded at p < 0.001 uncorrected, for displaying purposes. L, left; R, right.
(2) Non-associative memory and associative memory: Non-associative item memory formation, 
defined by the contrast Association forgotten (item recognized) minus Item forgotten, activated 
regions in the anterior medial temporal lobe including bilateral anterior hippocampus, amygdala, 
fusiform gyrus, right anterior parahippocampus as well as right middle hippocampus.
Assessing associative memory formation (Association remembered minus Association forgotten), 
a region in the hippocampus (see Figure 5.3, local maximum at MNI [-21 -9 -15], p= 0.029 SVC) 
showed stronger activation during encoding when associative memory formation was successful 
compared to trials in which only item memory formation succeeded but associative memory
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formation failed. A region in the inferior frontal gyrus (BA 45; local maximum at MNI [-56, 30, 12]) 
showed a same subsequent memory effect with specific preference only in the high distraction 
condition (threshold at p< 0.001 uncorrected) but not in low distraction condition (even at a liberal 
threshold p < 0.01 uncorrected). The opposite contrast, which showed stronger activation when 
associative memory formation failed, revealed only one area located in the right parietal cortex (BA 
40; local maximum at MNI [48, -54, 51]; p < 0.001 uncorrected).
5
Figure 5.4 (A) The interaction between distraction (low and high) and memory (Association forgotten and 
Association remembered) revealed an effect in the right anterior hippocampus (MNI at [33 -6 -21], p = 0.021 
SVC). Image is thresholded at p < 0.001 uncorrected, for displaying purposes. (B) Beta values were extracted 
from this region to depict the direction of the interaction revealed, but not for statistical purposes. As shown 
in the bar graph, the interaction was based on a positive subsequent memory effect when distraction was 
low and a negative subsequent memory effect when distraction was high. Notes: L, left; R, right. Error bars 
represent standard error of the mean (SEM).
Figure 5.4B, this interaction appears to be based on a positive subsequent memory effect when 
distraction was low and a negative subsequent memory effect when distraction was high. 
Independent t-tests using SPM revealed that the positive subsequent memory effect on the low
(3) Interaction between distraction and associative memory formation: In the 2x2 interaction 
analysis between the memory status (Association forgotten and Association remembered) and the 
two distraction conditions, no brain region was found that exhibited a larger associative subsequent 
memory effect in the high compared to the low distraction condition [(Association remembered high 
distraction - Association forgotten high distraction) > (Association remembered low distraction - 
Association forgotten low distraction)], even when using a very liberal threshold of p< 0.05, 
uncorrected. However, the opposite interaction revealed a clear effect in the right hippocampus (see 
Figure 5.4A, local maximum at MNI [33 -6 -21], p= 0.021 SVC) extended into the amygdala. We 
extracted the beta values of this region to visualize the pattern of this interaction, and plotted the 
conditions according to their distraction level. As shown in
B
Memory x Distraction
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n s
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□ Association Forgotten 
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distraction level and the negative subsequent memory effect on the high distraction level are both 
significant (p= 0.025 SVC and p= 0.009 SVC, respectively). When the association had been forgotten, 
the activation in the high distraction condition was significantly stronger than in the low distraction 
condition (p = 0.002 SVC); however, when the association had been successfully remembered, the 
hippocampal activation showed no difference. These findings indicate that associative memory 
formation failed in the high distraction condition when too much hippocampal activity occurred and 
in the low distraction condition when too little hippocampal activity occurred. Thus, associative 
memory formation in the high distraction condition was only successful when activity was reduced 
sufficiently and in the low distraction condition when activity was increased sufficiently.
5.4 Discussions
The present study revealed an interaction in hippocampal activity between the factors Associative 
memory formation and Distraction. Relatively lower hippocampal activation appeared related to 
better associative memory formation when encoding was embedded in a high distraction task, 
whereas a conventional, positive subsequent memory effect occurred in a low distraction task. This 
pattern of results occurred when the potentially interfering effect of the distraction task was 
generally compensated, because subsequent memory performance was unaffected by the difference 
in the distraction task. Nevertheless, the reason for failing to form a memory appears different 
between distraction conditions when analysis is trial-by-trial based. Too much noise might have 
impaired forming an associative memory trace in the high distraction condition. However, when 
ambient noise was reduced effectively, the remaining hippocampal activity was sufficient to form an 
associative memory trace successfully. In contrast, when ambient noise was low to start with, more, 
presumably task-relevant processing was beneficial for associative memory formation while low 
levels of hippocampal processing were related to subsequently forgotten associations. In sum, we 
obtained four data points on a bell-shape function relating hippocampal activity to the success of 
associative memory formation. There is, in line with our hypothesis, an optimal level of hippocampal 
activity for associative memory formation and sub- as well as supra-optimal levels that appear 
detrimental for associative memory formation.
Negative subsequent memory effects have been described before, although rarely in the medial 
temporal lobe, but in a number of neocortical regions including midline and lateral areas within the 
so-called default mode network (Otten and Rugg, 2001; Wagner and Davachi, 2001; Weis et al., 
2004a; Shrager et al., 2008). These findings were interpreted as suggestive for inattention or mind 
wandering at study and, consequently, poor subsequent memory performance. These negative 
subsequent memory effects, however, were associated with positive effects in the medial temporal 
lobe and thus, our negative subsequent memory effect in the hippocampus cannot readily be 
attributed to default mode activity, although the hippocampus is sometimes regarded as part of this 
network (Raichle et al., 2001). However, the two ideas, increased default mode network activity or
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increased processing of task irrelevant information, are not mutually exclusive, because 
unconstrained processing of information related to the distraction task (i.e., noise) might be the basis 
for mind wandering and thus one can regard this additional activity as related to both noise and 
default mode processing. The facts that this additional activity can be reduced significantly when 
main task load was high (Lavie, 2005; Forster and Lavie, 2009) supports our interpretation.
Our data suggests that noise reduction seem to be accomplished within the hippocampus. To 
achieve such noise reduction one has to assume a process that separates hippocampal 
representations of object-face associations from representations related to the distraction task. It is 
important to note that these representations, albeit quite different in their experimental 
characteristics, have large episodic overlap, because the entire context is identical. A process 
allowing such dissociation of overlapping representations might be pattern separation, which is 
known to enable distinct representations of overlapping input in the service of resolving interference 
(McNaughton and Nadel, 1989). Leutgeb and colleagues (Leutgeb et al., 2007) have revealed a dual 
mechanism for pattern separation in which signals from the entorhinal cortex can be decorrelated 
both by changes in coincidence patterns and recruitment of non-overlapping cell assemblies in the 
hippocampus. However, it remains unclear whether successful pattern separation goes along with an 
increase (Bakker et al., 2008), a decrease (O'Reilly and McClelland, 1994; Rolls, 2007), or no change 
in overall neural activity as measured with fMRI. Regardless, it has been shown that damage to a 
certain hippocampal subregion, the dentate gyrus, whose integrity is essential for normal pattern 
separation, affects selectively spatial memory acquired in a high spatial interference condition 
(Hunsaker and Kesner, 2008), indicating that pattern separation enables indeed ambient noise 
reduction when the study phase is submerged in distraction causing proactive interference.
While our data suggest a hippocampal process of noise reduction, they do not exclude alternative 
mechanisms for ambient noise reduction that might lead to less hippocampal input and hence to less 
overall processing as observed here. Negative subsequent memory effects could also reflect 
consequences of less input due to selective attention computed in inferior temporal regions 
(Henckens et al., 2009). Processing in extra striate visual cortex enables object-selective attention 
and thus forwarding of attended, task relevant information to the medial temporal lobe that lacks 
ambient noise related to unattended input (Mangun, 1995; Martinez et al., 2006). Alternatively, 
processes related to cognitive control computed in frontal regions could resolve competition among 
active representation (Badre and Wagner, 2007), or suppress proactive interference (Jonides and 
Nee, 2006; Caplan et al., 2007). In line with the idea that the frontal lobe might have exerted control 
over hippocampal input, we detected an inferior frontal subsequent memory effect exclusively for 
the high distraction condition. However, no interaction between the factors Associative memory and 
Distraction occurred in this brain region. These alternative accounts are certainly valid, but our data 
does not provide evidence supporting them.
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Despite the negative subsequent memory effect found here, the hippocampus plays nevertheless 
a critical role in associative memory formation. Here we probed a specific kind of associative 
memory formation, because the two constituents of each pair to be memorized were presented 
sequentially with a within-pair delay filled partly with a distraction task. Such discontiguous 
associative memory formation has been linked to medial temporal lobe activity previously (Luo and 
Niki, 2005; Qin et al., 2007; Qin et al., 2009b), but it remained somewhat unclear whether this 
contribution was related to item maintenance during the within-pair delay (Ranganath and 
D'Esposito, 2001) or final associative binding taking place after encountering the second constituent. 
The intervening distraction task, implemented here, that did not affect overall associative memory 
performance makes continuous maintenance in working memory less likely and thus, our data is 
supportive for a model in which the hippocampus supports the actual binding of the two constituents 
separated in time during memory formation (Wallenstein et al., 1998; Eichenbaum et al., 2007; 
Piekema et al., 2009). This conclusion appears also closely in line with data obtained in classical 
conditioning experiments in which the hippocampus plays a critical role in trace conditioning only, 
where a delay period is included between the offset of the conditioned stimulus and the delivery of 
the unconditioned stimulus (Clark and Squire, 1998; Weible et al., 2006). Thus, our data confirms the 
view that the hippocampus plays a critical role in associating discontinuous events during memory 
formation.
Our results appear to suggest that most effective associative memory formation is achieved at an 
intermediate level of activation in the right hippocampus while the left hippocampus shows the 
"classical" activity increase with successful associative memory formation. However, the two effects 
described in the left and right hippocampus were not significantly lateralized. Thus, they represent 
just significant effects in one medial temporal lobe, but there might have been the same, however, 
non-significant effects in the homologue area of the opposite hemisphere. Furthermore, the two 
effects are not found in overlapping, homologue areas. Thus, the two findings are do not support a 
hemispheric specialization and further studies will be needed to clarify this issue.
In sum, we provide initial empirical evidence for a bell-shape function relating hippocampal 
activity and success of associative memory formation. While intermediate levels of hippocampal 
activity appear optimal for associative memory formation too low levels and too high levels appear 
detrimental. Supra-optimal levels of hippocampal activity appear to occur when a distraction task, or 
a state of stress (Henckens et al., 2009) interferes with memory formation presumably by adding 
noise to the task-relevant signal. If ambient noise reduction is sufficient, we can form coherent 
episodic memories across discontinuous events cluttered with irrelevant information, a situation 
confronted with every day.
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Abstract
Exposure to an acute stressor often results in memory distortions for peripheral, emotionally neutral 
information, as exemplified by the unreliability of eyewitness testimony. Activation of stress­
sensitive neuromodulatory systems is thought to play an important role in this effect. However, little 
is known about how such neuromodulatory changes affect neural operations underlying memory 
formation, particularly regarding neutral information encountered in a stressful context. Using 
event-related functional Magnetic Resonance Imaging (fMRI), we therefore investigated memory- 
related neural activity in 44 young, healthy participants while they incidentally encoded complex 
scenes embedded in either a stressful or neutral context. We recorded event-related pupil dilation as 
an indirect index of phasic noradrenergic activity. Heart rate and salivary cortisol were monitored to 
validate stress induction procedures. Acute stress resulted in a more positive response bias in a 
recognition memory test 24 hours later. The strength of this bias correlated with changes in heart 
rate and pupil dilation. Importantly, fMRI data showed that stress reduced subsequent memory 
effects (SMEs; contrast between later remembered and later forgotten items) in hippocampus and 
midbrain. A similar reduction of the SME was found in pupil dilation responses. Autonomic and 
neuroendocrine responses confirmed that our stress induction procedure likely resulted in tonically 
elevated levels of stress-sensitive neuromodulators. Phasic interactions between hippocampus and 
midbrain neuromodulatory systems have been implicated in novelty signaling, generalization, and 
stimulus selection. Our findings therefore suggest that stress-related memory distortions may result 
from dysregulation of this hippocampal-midbrain loop due to a shift from phasic to tonic 
catecholaminergic activity.
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6.1 Introduction
Stress has a powerful impact on learning and memory (Joels et al., 2006; Joels and Baram, 2009; 
Roozendaal et al., 2009a). For instance, exposure to an acute psychological stressor can enhance 
emotional aspects of episodic memories (Payne et al., 2006; Payne et al., 2007; Henckens et al., 2009). 
However, stress also often results in memory distortions for surrounding details encountered (Loftus, 
1979a; Christianson, 1992; Kensinger, 2009). Experiments with false memory induction have shown 
that memory for peripheral, emotionally neutral information often becomes unreliable and is 
reported with a positive response bias (Payne et al., 2002; Payne et al., 2006; Payne et al., 2007). 
Such memory distortions are highly undesirable in situations where it is essential to rely on veridical 
memory, such as in eyewitness testimony (Loftus, 2008). Psychological views hold that this 
phenomenon results from a shift in processing towards extracting central thematic knowledge (i.e., 
gist) at the cost of facts concerning peripheral details in a stressful situation (Payne et al., 2002; 
Payne et al., 2006; Payne et al., 2007). Such an adaptive shift is thought to be mediated by heightened 
activation of stress-sensitive neuromodulatory systems like the locus coeruleus centered 
norepinephrine system (LC-NE) (Aston-Jones and Cohen, 2005; Arnsten, 2009; Sara, 2009). However, 
little is known about how these changes affect neural operations underlying memory formation, 
particularly with regard to intrinsically neutral information encountered in a stressful context.
The formation of new memories, supported by the hippocampus among other brain regions, is 
thought to be modulated by catecholamines released by the LC-NE system (Aston-Jones and Cohen, 
2005; Sara, 2009) and the midbrain dopaminergic system (Lisman and Grace, 2005). In a normal, 
attentive state, these catecholaminergic systems facilitate efficient functioning of neural circuits by 
increasing phasic firing patterns in response to environmental stimuli that are novel or salient, thus 
controlling the information to be encoded into long-term memory (Aston-Jones and Cohen, 2005; 
Lisman and Grace, 2005; Joels and Baram, 2009). In agreement with this notion, functional 
neuroimaging studies have found robust subsequent memory effects (SMEs; i.e., stronger neural 
activation associated with stimuli later remembered than forgotten) in the hippocampus, but also in 
brainstem regions where neuromodulatory nuclei such as the ventral tegmental area (VTA) and LC 
are located (Schott et al., 2004; Schott et al., 2006; Shohamy and Wagner, 2008; Duzel et al., 2009).
Exposure to an acute stressor leads to rapid activation of these neuromodulatory systems as well 
as the sympathetic nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) axis, 
resulting in elevated levels of central catecholamines (de Kloet et al., 2005; Joels and Baram, 2009; 
Ulrich-Lai and Herman, 2009) and glucocorticoids (GCs) (de Kloet et al., 2005; Joels et al., 2006; Joels 
and Baram, 2009; Roozendaal et al., 2009a). With regard to the LC-NE system, such an activated 
mode leads to tonically elevated activity associated with diminished stimulus-related phasic 
firing(Rajkowski et al., 1994; Aston-Jones and Cohen, 2005; Arnsten, 2009; Joels and Baram, 2009; 
Sara, 2009). This imbalance between small phasic responses and high tonic background activity is 
assumed to be linked to a hypervigilant state that is associated with generalized neural responses
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that are less specific for any given input (Aston-Jones and Cohen, 2005; Arnsten, 2009; Joels and 
Baram, 2009). Evidence from primate studies indeed has shown that a lower ratio of phasic to tonic 
neural LC firing leads to suboptimal performance in tasks that require focal attention to specific 
stimuli (Arnsten and Li, 2005; Arnsten, 2007, 2009; Joels and Baram, 2009). Recent studies have 
moreover shown that these alterations in LC-NE function are also reflected in pupil dilation 
responses to sensory stimuli (Gilzenrat et al., ; Rajkowski et al., 1994; Aston-Jones and Cohen, 2005). 
For instance, phasic responses to highly arousing stimuli (Bradley et al., 2008) diminish in states of 
tonic hypervigilance such as acute stress (Henckens et al., 2009). Thus, stress-induced elevation of 
catecholaminergic activity may shift the brain towards a hypervigilant state characterized by high 
tonic background activity but smaller phasic responses to specific stimuli. This alteration would 
disrupt optimal hippocampal functioning, and thus result in the memory distortions described above.
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Figure 6.1 Experimental design. On Day 1, participants were scanned while performing an incidental 
memory encoding task which was fully embedded in an either acutely stressful or emotionally neutral 
context. Stress induction was implemented by short aversive movie clips (M1 to M4) and combined with 
continuous threat of (mild) electronic shocks. In the control condition, the aversive clips were replaced by 
neutral movie fragments, and no threat of shock was given. A memory test was administered on the 
consecutive day (Day 2). During fMRI scanning, physiological and psychological measurements of stress, 
including salivary samples (S1 to S4), heart rate, pupil diameter (eye-tracker), and subjective state of mood 
(PANAS) were obtained to assess the effectiveness of stress induction.
To test this hypothesis, 44 young, healthy participants underwent event-related functional 
magnetic resonance imaging (fMRI) and continuous pupillometry during incidental encoding of a 
series of complex scenes depicting meaningful but emotionally neutral activities. Twenty-four hours 
later, a surprise memory test was performed. Using subsequent memory analyses for fMRI and pupil
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data, this design allowed us to localize and quantify SMEs reflecting phasic neural activity and phasic 
pupil dilation responses related to memory formation. Acute psychological stress was induced 
experimentally in half the participants using strongly aversive movie clips accompanied by a self- 
referencing instruction and continuous threat of (mild) electric shock (see Figure 6.1). This 
procedure has previously been shown to elicit both psychological and physiological stress responses 
(Henckens et al., 2009; Qin et al., 2009a; van Marle et al., 2009). Encoding was separated into three 
runs by movie clips boosting stress induction. For memory testing, we used a paradigm employing 
verbal descriptions of the scenes encoded during scanning as cues and description of lures. This test 
allowed us to quantify both recall accuracy and memory-related response bias. To validate our stress 
manipulation, autonomic, endocrine, and subjective measures were acquired throughout fMRI 
scanning. We predicted that acute psychological stress would impair memory performance by 
increasing false positive responses, and would reduce SMEs in hippocampus, midbrain, and pupil 
dilation responses.
6.2 Results
6.2.1 Endocrine, autonomic and psychological measurements of stress
Baseline-corrected salivary cortisol data are shown in Figure 6.2A. A 2-by-4 ANOVA, with group 
(stress induction vs. control) as between-subject factor and time as within-subject factor (four post­
stressor time points), revealed a main effect of stress induction (F(1,37) = 4.72, p < 0.05) and time 
(F(3,50.22) = 4.40, p < 0.05) and no interaction (F < 1). For both groups, there was a downward trend 
of cortisol levels over time which was most likely due to diurnal rhythm and stress anticipation. More 
importantly, the cortisol area under the curve with respect to increase (Pruessner et al., 2003) was 
larger in the stress as compared to the control group (t(37) = 2.19, p < 0.05).
Baseline-corrected heart rate (HR) (see Figure 6.2B) as well as heart rate variability (HRV) was 
averaged separately for the three encoding runs and the four movie clips. Two separate 2 (group) by 
7 (time: four movie clips and three encoding runs) ANOVAs were conducted for HR and HRV data. A 
main effect of stress induction was found for HR (F(1,38) = 15.97, p <0.001) as well as HRV (F(1,38) = 
5.09, p < 0.05), with increased HR and decreased HRV in the stress as compared to the control group. 
The two groups did not differ in either HR (t(38) = -1.13, n.s.) or HRV (t(38) = 0.43, n.s.) at baseline.
Subjective ratings of negative affect at different time points were submitted to a 2 (group) by 4 
(time: four time points) ANOVA which revealed main effects of stress induction (F(1,38) = 5.82, p < 
0.02) and time (F(3,36) = 2.94, p < 0.05), with increasing negative affect across the duration of the 
experiment, and higher negative affect in the stress induction group.
Together, these results confirm that stress induction resulted in HPA-axis activation, autonomic 
nervous system activation, and negative affect.
6.2.2 Stress-induced changes in pupil responses related to memory formation
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Averaged pupil diameter responses time-locked to scene onset are shown in Figure 6.2C as a function 
of trials that were later remembered or not, separately for the two groups. A 2 (group) by 2 (memory) 
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Figure 6.2 Endocrine and 
autonomic measurements of 
stress. (A) Averaged baseline- 
corrected free salivary cortisol 
at four different time points 
for the stress and the control 
group. Four salivary samples 
were acquired at 15, 30, 50, 
and 65 minutes relative to the 
start of stress induction; (B) 
Averaged baseline-corrected 
HR during memory encoding 
sessions (E1 to E3) and 
surrounding movie clips (M1 
to M4) for the two groups. 
Error bars represent standard 
error of mean. Notes: Stress, 
stress group; Control, control 
group; HR, heart rate; *p <
0.05;
0.001.
**p < 0.01;
ANOVA revealed a significant main effect of stress (F (1, 36) = 4.58, p < 0.05) and an interaction effect 
(F(1, 36) = 4.23, p < 0.05) within the 2-4 second time-window. The main effect of stress indicates that 
stress induction reduced pupil dilation responses to pictures during encoding in general. Subsequent 
paired t-tests revealed a significant effect of memory in the control condition (t(18) = 2.67, p < 0.01) 
but not in the stress condition (t(18) < 1, n.s.), indicating that participants had larger pupil dilation 
responses to pictures later remembered than to those later forgotten in the neutral condition, but 
this effect was diminished after stress induction.
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Time (s) relative to picture onset
Figure 6.3 Pupil dilation responses 
related to memory formation in the stress 
and the control group. Pupil dilation 
responses were normalized with respect 
to the pre-stimulus baseline (- 1  to 0  s) and 
averaged across encoding trials that were 
later forgotten and those that were later 
remembered for the two experimental 
groups. Notes: R, encoding trials later 
remembered; F, encoding trials later 
forgotten; Stress, stress group; Control, 
control group; *, p < 0.05. See appendix for 
color figures.
6.2.3 Stress-induced changes in subsequent memory performance
Averaged memory performance for the stress and the control groups is listed separately in Table 6.1. 
Accuracy in the two groups was clearly above chance level (both (t(19) > 25.67, both p < 0.001), 
indicating successful memory formation. Further comparison of the two groups revealed no 
difference in memory accuracy (t(38) < 1, n.s.), but a difference in memory-related response bias 
(t(38) = 2.76, p < 0.01; see Table 6.1). In other words, stress induction led to a more liberal bias 
towards old responses in the subsequent memory test.
Table 6.1 Averaged memory performance in stress induction and control groups
Hit Miss FA CR d' C-bias
Control
(n = 2 0 ) 0 . 6 6  (0 .0 2 ) 0.34 (0.02) 0.20 (0.03) 0.80 (0.03) 0.94 (.05) 0.24 (0.07)
Stress
(n = 2 0 ) 0.74 (0.02) 0.26 (0 .0 2 ) 0.30 (0.03) 0.70 (0.03) 0.89 (0.05) -0.04 (0.07)
T (df = 38) -2.97** 2.97** -2.30* 2.30* 0.77 2.76**
Notes: Hit, hit rate; FA, false alarm; CR, correct rejection; df, degree of freedom; d', sensitivity index of 
discrimination; C-bias, index of memory-related response bias; Confidence, mean of confidence ratings for all 
trials of hit; ** p < 0.01; * p < 0.05.
6
Moreover, we found that memory-related response bias in the stress group correlated positively 
with mean HR increase in response to the stressor (r = 0.48, p < 0.05), but correlated negatively with 
pupil dilation responses to those scenes later remembered (r = -0.67, p < 0.01). This pattern of 
results indicates that stress-induced activation of the LC-NE and the autonomic nervous system 
predicts the extent of liberal response bias in the stress group.
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Figure 6.4 Brain activation related to memory formation and effects of stress induction. Statistical 
parametric maps are superimposed onto spatially normalized high-resolution single subject T1-weigted 
canonical images (thresholded at p < 0.001, uncorrected, for visualization purposes). (A) Coronal view of 
suprathreshold clusters in the MTL showing the main effect of memory (SME: remembered vs. forgotten); 
(B) Coronal view of activation clusters in the MTL and the midbrain related to memory formation in the 
control group (left) and in the parahippocampal cortex in the stress group (right); (C) Coronal view of 
suprathreshold clusters in the conjunction analysis of the main effect of memory and the stress-by-memory 
interaction. Notes: MTL, medial temporal lobe; SME, subsequent memory effect; Control, control group; 
Stress, stress group.
Table 6.2 Brain activations related to stress induction versus control groups
MNI coordinates
Brain Regions R/L BA T values Cluster size x y z
Main effect of stress: stress induction vs. control groups
Posterior visual cortex R 18 4.92 416*** 12 -98 -8
R 17 4.37 435*** 10 -92 6
Dorsal ACC R 32 4.24 2 1 1 *** 6  10 40
- 6 4.52 176*** 0 -10 58
Striatum/Putamen - - 3.94 174*** 24 4 0
Insula R 2 2 3.91 233*** 54 16 0
3.62 48 2 2
Notes: *** p < 0.05 whole brain cluster level corrected. ACC, anterior cingulated cortex; L, left; R, right; BA, 
Brodmann Area; MNI, Montreal Neurological Institute in SPM5.
6.2.4 Brain activations showing main effects of stress or memory formation
First, when comparing neural activity related to general encoding of complex scenes between the 
stress induction and control group (main effect of stress), we identified differences of activation in 
bilateral posterior visual cortices and several other regions (see Table 6.2). These results indicate 
that acute stress led to increased activity in a posterior visual network during encoding of complex 
scenes in line with hypervigilant processing. Next, we contrasted later remembered with later
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forgotten trials (i.e., SME) across the two groups (main effect of memory), and revealed activation of 
an extended frontal-medial temporal network (see Table 6.3), typically engaged in successful 
memory formation. This network included clusters in the left inferior and medial PFC, and clusters 
extending from the bilateral hippocampus into parahippocampal regions (see Figure 6.4A).
Table 6.3 B rain activations related to successful memory formation across groups
MNI coordinates
Brain Regions R/L BA T values Cluster size x y z
6
Notes: *** p < 0.05 whole brain cluster level corrected. PFC, prefrontal cortex; MPFC, medial PFC; ACC, anterior 
cingulated cortex; TPJ, tempoparietal conjunction; L, left; R, right; BA, Brodmann Area; MNI, Montreal 
Neurological Institute in SPM5.
6.2.5 Stress-induced modulations on brain activations related to memory formation 
To examine further modulatory effects of stress on neural activity related to memory formation, we 
conducted a contrast reflecting the interaction between stress and memory, i.e., by comparing trials 
that were later remembered with those of later forgotten in the control group versus the stress group. 
This contrast revealed a large cluster in the midbrain extending into the pons covering LC and other 
brain regions listed in Table 5. In the MTL, we found an interaction in the left subiculum and right 
hippocampus. As shown in Figure 6.4A&B., the hippocampus showed a robust SME in the control 
group but no reliable effect in the stress group. To ensure actual spatial overlap between this 
interaction and main effect of memory, we conducted a conjunction analysis over the two contrasts, 
indicating that the right hippocampus and the left subiculum indeed exhibited the main effect of 
memory as well as the interaction effect (see Figure 6.3C).
Subsequent memory effect: later remembered vs. forgotten
Inferior PFC L 45 5.43 908*** -46 26 6
1 0 4.05 -44 44 -2
MPFC & ACC L 8 5.64 1544*** -10 52 40
L 1 0 4.52 -6 54 12
L - 4.50 291*** -30 -26 -10
Hippocampus
R - 4.02 169*** 24 -24 -14
TPJ L 39 5.07 848*** -48 -60 22
3.76 -46 - 6 8  40
R 39 4.01 182*** 46 - 6 6  18
Posterior cingulated cortex L 30 5.56 330*** -6  -52 16
31 4.26 -2 -38 40
Cerebellum & Brain stem L - 4.56 309*** -8 -48 -42
3.83 -4 -34 -40
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Moreover, to characterize the pattern of stress-induced modulations of hippocampal and 
midbrain activity, data were extracted and averaged for these two regions of interest (ROIs: see 
Methods section for details). Separate 2 (group) by 2 (memory) ANOVAs confirmed the interaction 
effect in the right hippocampus (F(1,38) = 4.26, p < 0.05; see Figure 6.5A&B) as well as in the 
midbrain (F(1,38) = 8.31, p < 0.01; see Figure 6.5C&D). Separate paired-t tests revealed that there 
were significant SMEs in the right hippocampus (t(19) = 3.68, p < 0.01;) and the midbrain (t(19) = 
2.57, p < 0.02) in the control group but not in the stress induction group (both t(19) < 1.80, n.s.). 
Together, these results indicate that stress induction reduced SMEs in the right hippocampus and the 
midbrain.
Figure 6.4 Modulations of stress 
on hippocampal and midbrain 
activity related to memory 
formation. Statistical parametric 
maps are superimposed onto 
spatially normalized single 
subject high-resolution T1- 
weigted canonical images 
(thresholded at p < 0.001, 
uncorrected, for visualization 
purposes). (A) Sagittal view of 
activation in the right 
hippocampus related to main 
effect of memory (SME) across 
the two groups; (B)
Averaged beta values in the right
hippocampus representing trials later remembered and forgotten for both groups; (C) Coronal (upper) and 
sagittal (lower) view of suprathreshold clusters in the midbrain for the interaction effect between memory 
and stress; (D) Averaged beta values extracted from an anatomically defined midbrain mask representing 
trials later remembered and forgotten for both groups. Notes: Stress, stress group; Control, control group; 
SME, subsequent memory effect; R, encoding trials later remembered; F, encoding trials later forgotten.
6.3 Discussion
The present study investigated how acute psychological stress modulates the formation of memories 
for complex, emotionally neutral scenes. We observed that acute stress induced a more liberal 
response bias in a recognition memory test for gist descriptions of scenes encountered 24 h earlier 
during stress induction. The strength of this bias was correlated with stress-induced changes in heart 
rate and pupil dilation.. Moreover, we found that acute stress reduced phasic responses associated 
with successful memory formation in the hippocampus, midbrain, and pupil dilation. As indicated by
A Memory (SME) Right hippocampus
6
Memory x Stress Midbrain
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stress-induced elevation of HR, our stress induction procedure resulted in a shift towards a 
prolonged state of increased sympathetic nervous system (SNS) activity. There is abundant evidence 
demonstrating that such states are accompanied by tonic elevation of stress-sensitive 
catecholamines such as DA and NE regulated by the LC-NE system and midbrain DA nuclei (de Kloet 
et al., 2005; Joels and Baram, 2009; Ulrich-Lai and Herman, 2009). W e therefore discuss how 
elevation of these neuromodulators may account for the disruptive effect of stress on memory 
formation as it may provide a mechanistic account for memory distortions observed when probing 
memories formed during a stressful event.
Table 6.4 B rain activations related to interaction effect between stress and memory
Brain Regions R/L BA T values Cluster size
MNI coordina 
x y z
Memory-by-stress interaction: (remembered vs. forgotten) vs. (control vs. stress)
Insula L 13 4.71 310*** -38 -10 -2
Posterior cingulate cortex R 24 4.14 312*** 2 -16 38
L 31 3.99 -4 -22 42
Midbrain/brainstem R - 4.03 199** 8  - 2 2  - 2 0
L - 3.98 -2 - 2 2  - 2 2
Hippocampus & Subiculum L - 4.16 7 9 ** -8 -28 -6
R - 2.97 26** 26 -24 -8
6
Conjunction analysis: memory-by-stress interaction 0 main effect of memory 
Hippocampus & Subiculum L - 3.30 51** -12 -28 -6
R - 2.81 15** 28 -22 -8
Notes: p < 0.05 whole brain cluster level corrected, ** p < 0.05 at cluster level with small volume correction 
(SVC). ACC, anterior cingulated cortex; L, left; R, right; BA, Brodmann Area; MNI, Montreal Neurological Institute 
in SPM5.
Acute stress had no effect on overall memory accuracy (i.e., hits minus false alarms), but did 
induce a more liberal (positive) response bias. Moreover, individual measures of the amount of stress 
predicted the strength of this bias. These findings are reminiscent of previous findings of stress- 
induced elevations of false memories (Payne et al., 2002; Payne et al., 2006; Payne et al., 2007) and 
distortions of eyewitness memory (Loftus, 1979a; Christianson, 1992; Loftus, 2008). In these studies 
as well as in our study, memory testing was performed after stress had subsided. Therefore, effects of 
stress on retrieval cannot readily explain such findings. According to an influential account of 
memory formation under stress (Payne et al., 2002; Payne et al., 2007), acute stress promotes the 
extraction of central thematic information, or gist, at the time of encoding. Given limited resources
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during acute stress, such a shift would have clear survival benefit over encoding of peripheral detail 
that is not of immediate importance. On the other hand, enhanced gist encoding can be thought of as 
increasing the compositional and reconstructive nature (Schacter et al., 1998; Bar, 2004; Henke, 
2 0 1 0 a) of such memories: to reduce the amount of detail and focus on a central theme, one would 
likely need to reconstruct such episodes by reactivating and integrating prior representations of 
more general categories (Schacter and Slotnick, 2004; Schacter et al., 2007; Kensinger, 2009). As a 
consequence, memory representations encoded under stress may exhibit stronger overlap with 
similar scenes, and thus lead to more false positives when probing these memories. In sum, our 
behavioral findings converge with earlier findings in suggesting that stress may cause memories to 
become overgeneralized already at the time of encoding.
Our neuroimaging findings are in line with mechanistic accounts of catecholaminergic systems, 
which state that catecholaminergic activity exhibits an inverted U-shaped relationship with 
neurocognitive functioning (Aston-Jones and Cohen, 2005; Arnsten, 2007; Sara, 2009). In these 
models, intermediate levels of catecholamines are associated with an optimal state characterized by 
selective phasic firing patterns in response to novel and salient stimuli. The MTL is thought to form a 
functional loop with brainstem catecholaminergic nuclei that determines selective processing of 
novel information and entry into long-term memory (Lisman and Grace, 2005; Harley, 2007). More 
specifically, novelty signals generated in the MTL (Fernandez and Tendolkar, 2006) may trigger 
phasic DA and NE activity, which in turn enhances hippocampal neuroplasticity (Lisman and Grace, 
2005; Harley, 2007). Such theoretical models also predict, however, that acute stress would disrupt 
optimal functioning of these circuits by shifting catecholaminergic systems into a low phasic - high 
tonic mode at the right side of the inverted U-shaped curve (Aston-Jones and Cohen, 2005; Arnsten, 
2009; Joels and Baram, 2009). Three findings from the present study support this notion. First, the 
stress-induced enhancement of neural activity in early visual regions found in the present study as 
well as in previous work (Henckens et al., 2009) indicates that early sensory regions become more 
responsive to sensory input. Second, the loss of SMEs after stress in hippocampal and midbrain 
regions indicates that mnemonic activity in these regions lacks specificity. Third, similar effects were 
found on the pupil dilation response to pictures, an indirect peripheral index of phasic LC-NE system 
activity (Gilzenrat et al.). Replicating earlier findings, these phasic responses were reduced after 
stress (Henckens et al., 2009). Moreover, stress diminished the SME (larger pupil response to items 
later remembered) that was present in the control condition. Together, our findings therefore 
suggest that acute stress prompts a hypervigilant state in which the brain is rendered unselectively 
hypersensitive to external stimuli.
An important question is how such a putative state of hypervigilant processing can result in 
memory distortions of the type observed in this study and previous work using false memory 
paradigms, namely, an increased positive response bias without loss of total accuracy. According to 
recent findings in humans, memory generalization does not rely solely on inferential processes that
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take place during retrieval, but also is supported by integrative processes already at the time of 
encoding (Shohamy and Wagner, 2008). Such processes have also been associated with the 
functional coupling of hippocampus and midbrain: phasic DA firing in response to expectancy 
violations is thought to trigger reactivations of overlapping memory traces and thus result in 
updating through integration of novel information (Kumaran and Duzel, 2008; Shohamy and Wagner,
2008; Shohamy et al., 2010). It is therefore well possible that the overgeneralization of memory 
representations that results in a positive response bias is caused by stress-induced tonic activation of 
this circuit. Yet, memory accuracy for such generalized memory traces could still be preserved under 
these circumstances because elevated levels of catecholamines and glucocorticoids generally 
enhance hippocampal neural plasticity (Lisman and Grace, 2005; Harley, 2007; Sara, 2009). Although 
future research using pharmacological manipulations will be necessary to provide more definite 
answers, our findings thus suggest that disruptions of phasic catecholaminergic signaling may play a 
key role in producing stress-induced memory distortions.
In conclusion, the present study shows that acute stress diminishes SMEs in hippocampal- 
brainstem circuits and in pupil dilation responses, and results in a more positive response bias in a 
recognition memory test 24 hours later. These findings suggest that memory distortions for 
emotionally neutral events encountered in a stressful context may be related to a stress-induced shift 
towards tonic catecholaminergic hyperactivity that renders the brain hyperesponsive to sensory 
input and results in more generalized gist-based memory encoding through a disruption of phasic 
catecholaminergic signaling in hippocampal-midbrain circuits.
6
6.3 Materials and Methods
6.3.1 Participants
Forty-four healthy, male volunteers (aged 19 - 36 years) with normal or corrected-to-normal vision 
participated in this study. Participants were screened according to inclusion and exclusion criteria 
previously reported (Henckens et al., 2009; Qin et al., 2009a; van Marle et al., 2009). Avoiding gender 
differences (Kudielka and Kirschbaum, 2005) and cycle effects (Ossewaarde et al., 2010) in stress 
responsiveness, only men were included. Ethical approval was obtained from the institutional review 
broad (CMO Region Arnhem-Nijmegen, The Netherlands) and all participants gave written informed 
consent. Data from four participants were excluded from further analysis (two in each group) due to 
either poor memory performance, excessive head movement during scanning, or failure to 
completing the experiment.
Participants were randomly assigned to either the stress induction (n = 20; aged 21.65 ± 3.73 yrs) 
or the control group (n = 20; aged 22.71 ± 4.01 yrs).
6.3.2 Stimuli
Initially, we carefully selected 200 color photographs of complex scenes depicting distinct 
meaningful activities from a commercially available image database. For each picture, we created a
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unique, one-sentence description of 5 to 10 words describing the central meaning of the scene, based 
on the following two criteria: the sentence should be sufficient to identify the photograph and to 
distinguish it from the other scenes. Another set of sentences (based on different photographs not 
used in this study) were created as lures for the memory test. Written descriptions of pictures were 
checked by ten additional participants. Any unclear descriptions stated by any participants were 
excluded. The final stimulus set used for the fMRI experiment consisted of 150 scenes (plus 10 extra 
ones for the training set) with unique, one-sentence descriptions. Luminance of all selected pictures 
was equalized to ensure reliable pupil dilation measurements.
6.3.3 General Procedure
The experiment was carried out between 2 and 8 p.m. to ensure relatively stable and low levels of 
endogenous cortisol. To reduce anticipation of stress induction for participants in the neutral group, 
they were told to which of the two experimental groups they were assigned to one day prior to the 
experiment. They were restricted from food/drink intake at least 2 hours before the experiment. 
After arrival, 1.5 hour before entering the MR scanner, they completed various questionnaires, and 
were trained on an incidental encoding task, and prepared for heart rate (HR) measurement. The 
actual fMRI experiment consisted of three blocks of an incidental encoding task that were fully 
embedded in either a continuously stressful or emotionally neutral context. The experiment ended 
with a structural scan.
6.3.4 Stress induction
In the stress induction group, acute psychological stress was induced by showing strongly aversive 
movie clips with a self-referencing instruction in the MRI scanner previously described in (Qin et al., 
2009a; van Marle et al., 2009), combined with continuous threat of (mild) electric shocks. The three 
encoding runs were embedded in four short movie clips (Figure 6.1) containing scenes with 
extremely aversive content (Irreversible, 2002, by Gaspar Noe). In the control group, participants 
watched equally long movie clips, which were equalized in luminance and similar in language and 
human presence to the stress-induction clips but contained only non-arousing scenes. Participants 
were asked to constantly and attentively view the clips after short introductory texts had put them 
into the scene from an eye-witness perspective, thereby attempting to involve them maximally in the 
experience.
Additionally, participants in the stress induction group were subjected to a continuous threat of 
(mild) electric shock(VanDercar et al., 1980; Grillon et al., 1993; Hermans et al., 2006). After one pre- 
experimental shock, two shocks of the same intensity were delivered at specific time points during 
the encoding session transcutaneously over the volunteers' left index and middle finger by a 9V 
battery-operated device (Tens Elpha 2000, Danmeter, Odense, Denmark) using standard Ag/AgCl 
electrodes. The experimenter told the participants that they will get a random number of shocks
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during the encoding session, which subsequent shocks would increase in strength, and that strength 
of the next shock would increase with latency. To visualize this, an analog scale indicating a gradually 
increasing intensity of electronic shocks was always presented on the bottom of the screen. In reality, 
only two mild electronic shocks were given at fixed time points: one during the last three encoding 
trials in the first encoding block, and the other one during the third movie clip. In the control group, 
no any shocks were given. At the end of the experiment, each participant in the stress group was 
debriefed about the stress induction procedure.
It should be noted that the present stress induction method closely corresponds with the 
determinants of the human stress response described by Mason (Mason, 1968): that is, 
unpredictability, novelty, and uncontrollability.
6.3.5 Encoding task and memory test
The experiment consisted of a study phase on Day 1 (see Figure 6.1) and a surprise memory test on 
the consecutive day (Day 2). During the study phase, participants were scanned while performing an 
incidental encoding task with 150 sequentially and centrally presented photographs. During the 
study phase, participants were scanned while performing an incidental encoding task on 150 
sequentially and centrally presented photographs (presentation time: 6 s, mean inter trial interval: 6 
s, randomly varying from 3 to 9 s). Participants were instructed to imagine themselves being in the 
scene as vividly as possible, and to make a judgment of how much they would like to be present in 
that scene on a four-point scale (i.e., from 'would like it very much’ to 'would not like it at all’). To 
ensure that participants did not expect any subsequent memory test, they were told that they 
participated in a study on mental imagery. The study phase was divided into three runs of 50 trials 
each. Within each run, 10 null events of 6 s duration were intermixed to minimize potential effects of 
expectation and optimize contrast-to-noise ratio of event-related fMRI signal. Each run lasted around 
12 minutes. To familiarize participants beforehand with the procedure, they were trained twice using 
ten trials, which were not used in the actual experiment.
Approximately at the same time on the consecutive day (around 24 h interval), participants came 
back and performed a surprise memory test. Before the start of the memory test, participants were 
asked whether they had expected such a test while being scanned the day before. None of them had 
expected any memory test. Thereafter, the experimenter debriefed the participants by explaining the 
rationale of the surprise memory test. The memory test consisted of 150 written descriptions of 
studied scenes that were randomly intermixed with 150 descriptions of scenes that were not studied 
before. Participants were asked to judge whether each description was associated with a scene 
studied before or not (i.e., 'Yes’ or 'No') and give a confidence rating on a visual analog scale ranging 
from 0%  to 100% by moving the cursor via a mouse movement to the appropriate position. This task 
was self-paced with a trial duration limited to a range between 2 and 8 s. To accommodate variability 
of their distribution, confidence ratings of each participant were grouped into four bins with
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increasing ratings. These four bins corresponded with equal lengths on the visual analogue scale in 
terms of each participant's own response. To probe neutral correlates truly related to successful 
memory formation, the fMRI data analysis only focused on trials with high ('extremely sure’) levels of 
confidence (see supplementary Table).
6.3.6 Physiological and psychological measurements of stress
To monitor the HPA axis response, saliva samples were collected using salivette collection devices 
(Sarstedt, Rommelsdorf, Germany). Salivary sampling consisted of four measurements on the first 
day at certain time points (‘S1’ to ‘S4’; see Figure 6.1 for details). To avoid anticipatory stress 
responses and exposed to novel environment for participating in fMRI experiment, two baseline 
samples were collected on Day 2 (at the approximate time points of the first and the last samples on 
Day 1). All samples were stored at -20°C until analysis. Details of analysis procedure is previously 
reported in (Henckens et al., 2009; Qin et al., 2009a; van Marle et al., 2009). Cortisol data from one 
participant in the control group were excluded from further analyses because of unexpected residues 
destroying the first two samples. For statistical analysis, raw cortisol data were first baseline- 
corrected by subtracting the average of the two baseline samples beforehand. The area under the 
curve with respect to the increase was also calculated.
To assess activation of the autonomic nervous system, heart rate (HR) and pupil dilation 
responses were recorded continuously throughout MRI scanning. HR was recorded by using an MR- 
compatible BrainAmp MR plus ECG recording system (Brain Products GmbH). Eye tracking was 
performed using an MR-compatible eye-tracking device (MEye Track-LR camera unit, SensoMotoric 
Instruments, Teltow, Germany) to assess pupil dilation responses. It was also used to confirm 
attentive viewing of the movie clips and encoding pictures. Offline analysis for HR included artifacts 
correction and peak detection using Brain Vision Analyzer (Version 1.05), and calculation of both HR 
frequency and HR variability in Matlab 7.5 (HRV, calculated as the root mean square of successive 
differences, an index of respiratory sinus arrhythmia related to stress response). Eye pupil data were 
also analyzed using in-house software implemented in Matlab 7.5, which was based on methods 
described previously by others (Siegle et al., 2003; Henckens et al., 2009). Eyeblink artifacts were 
identified as eye pupil changes occurring too rapidly to represent actual dilation. Blinks were 
removed from the signal using linear interpolation. The pupil diameter for each trial was normalized 
to the average 1 s prestimulus onset baseline. The averaged baseline-corrected pupil diameter during 
picture presentation was used as response measure. Data from four subjects (two in the stress group) 
were excluded from further analyses due to excessive signal artifacts.
In addition, subjective state was assessed on the first day using the positive and negative affect 
scale (PANAS) questionnaire (Watson et al., 1988) at four time points coinciding with collection of 
salivary samples.Physiological data including HR, HRV and pupil response, as well as psychological 
data including PANAS and memory performance were analyzed in SPSS (16.0, SPSS Inc, Chicago, USA)
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using repeated measures analysis of variances (ANOVAs), and appropriate follow-up t-tests. The 
significance was set at 0.05 throughout.
6.3.7 fMRI data acquisition
Whole brain T2*-weighted gradient echo EPI images with blood oxygenation level-dependent (BOLD) 
contrast were acquired with a Siemens Tim Trio 3.0 T MR scanner (Erlangen, Germany) using an 
ascending slice acquisition sequence (37 axial slices; TR, 2.18 sec; TE, 25 ms; flip angle, 90°; slice 
matrix size, 64*64; slice thickness, 3.0 mm; slice gap, 0.3 mm; FOV, 212*212 mm). The study phase 
was divided into three runs of 12 minutes each. High-resolution structural images (1*1*1 mm) were 
acquired using a T1-weighted three-dimensional magnetization-prepared rapid gradient-echo (MP- 
RAGE) sequence (TR: 2.3 sec; TE: 2.96 msec, flip angle: 8°, FOV: 256*256 mm).
6.3.8 fMRI data analysis
Image preprocessing and statistical analysis were performed using SPM5. The first five EPI volumes 
were discarded to allow for T1 equilibration. Remaining functional images were rigid-body motion 
corrected and the mean image was coregistered to corresponding T1-weighted image. Subsequently, 
images were corrected for slice acquisition timing, and then transformed into a common stereotactic 
space (MNI152 T1-template) and resampled into 2 mm isotropic voxels. Finally, images were 
spatially smoothed by convolving with an isotropic 3D-Gaussion kernel (8 mm). The data were 
statistically analyzed using general linear models (GLM) and statistical parametric mapping.
To assess transient neural activity related to memory formation, two separate regressors of 
interest (i.e., encoding trials that were later remembered and those that were later forgotten; see 
Table 6.1) were created based on subsequent memory performance, and then convolved with the 
canonical hemodynamic response function. Given the group difference in memory-related response 
bias, number of trials of each regressor was equalized between the two groups, by randomly 
excluding the excessive trials in the stress group. Remaining trials were included as one condition of 
no interest. Remaining trials were included as condition of no interest and modeled using a single 
regressor. Additionally, realignment parameters (three translation and three rotation parameters) 
were included in the model to account for movement-related variability. The analyses included high­
pass filtering using a cutoff of 1/128 Hz, global intensity normalization, and serial correlations 
correction using a first-order autoregressive model.
Relevant contrast parameter estimate images were initially generated at the single subject level, 
and then submitted to a 2 (group) by 2 (memory) ANOVA for the second-level group analysis treating 
participants as a random variable. In the whole brain exploratory analysis, results from the group 
analysis were initially thresholded at p < 0.001 (uncorrected), and cluster size statistics were used as 
the test statistic. Unless otherwise specified, only clusters significant at p < 0.05 (corrected for 
multiple non-independent comparisons) (Worsley et al., 1996) are reported. A spherical search 
region with an 8 mm radius, centered at the peak voxel of the main effect of memory (i.e., the SME) in
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the hippocampus, was used for small volume corrections (SVC) to detect effects of stress on SMEs. To 
examine the regional overlap between the main effect of memory and the stress-by-memory 
interaction, an additional conjunction analysis was performed using the minimum statistic compared 
with the conjunction null method as implemented within SPM5 (Nichols et al., 2005).
Moreover, to further characterize patterns of hippocampal and midbrain activity related to 
memory formation in the two groups, we conducted ROI analyses on extracted and averaged data for 
these two regions. The ROI in the hippocampus was defined by the combination of an anatomical 
mask of the hippocampus (Tzourio-Mazoyer et al., 2002) and group activation of an orthogonal 
contrast (with respect to the interaction effect) associated with the main effect of memory across two 
groups, while the midbrain mask was defined anatomically using the W FU  PickAtlas toolbox 
(Maldjian et al., 2003). Beta values associated with conditions of interest were extracted from those 
ROIs by using MarsBar (Brett et al., 2002b), and then submitted to further statistical tests in SPSS.
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Supplementary Table: Distribution pattern of confidence ratings for trials of hit (n = 20)
Forgotten
Somewhat
sure Sure
Most
sure
Extremely
sure
Control 50.65 14.70 14.10 10.70 59.45
(n = 2 0 ) (2.97) (1.91) (.81) (1.14) (4.22)
Stress 38.9 17.24 17.05 14.57 62.29
(n = 2 0 ) (2.97) (2.48) (1.36) (1.56) (4.09)
T values 2 .8 6 ** -0.72 -1.65 -2.49* -0.65
Regressors Forgotten Low (no of interest) High
Notes: To homogenize the number of trials for confidence ratings, trials received 'extremely sure' were grouped 
as later 'remembered' with high confidence, and remaining trials were grouped as remembered with low 
confidence or no of interest for fMRI data analysis.
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Abstract
Background: Acute psychological stress impairs higher-order cognitive function such as working 
memory (WM). Similar impairments are seen in various psychiatric disorders that are associated 
with higher susceptibility to stress and with prefrontal cortical dysfunctions, suggesting that acute 
stress may play a potential role in such dysfunctions. However, it remains unknown whether acute 
stress has immediate effects on WM-related prefrontal activity. Methods: Using functional magnetic 
resonance imaging (fMRI), we investigated neural activity of 27 healthy female participants during a 
blocked W M  task (numerical N-back) while moderate psychological stress was induced by viewing 
strongly aversive (vs. neutral) movie material together with a self-referencing instruction. To assess 
stress manipulation, autonomic and endocrine, as well as subjective, measurements were acquired 
throughout the experiment Results: Successfully induced acute stress resulted in significantly 
reduced WM-related activity in the dorsolateral prefrontal cortex (DLPFC), and was accompanied by 
less deactivation in brain regions that are jointly referred to as the default mode network. 
Conclusions: This study demonstrates that experimentally induced acute stress in healthy volunteers 
results in a reduction of WM-related DLPFC activity and reallocation of neural resources away from 
executive function networks. These effects may be explained by supraoptimal levels of 
catecholamines potentially in conjunction with elevated levels of cortisol. A similar mechanism 
involving acute stress as a mediating factor may play an important role in higher-order cognitive 
deficits and hypofrontality observed in various psychiatric disorders.
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7.1 Introduction
Exposure to acute stress impairs higher-order cognitive function as exemplified by impairment of 
working memory (W M ) (Arnsten and Goldman-Rakic, 1998; de Kloet et al., 2005; Elzinga and Roelofs, 
2005; Schoofs et al., 2008). Similar impairments are observed in various psychiatric disorders that 
are associated with higher susceptibility to stress and prefrontal dysfunction (Mazure, 1995; 
Hammen and Gitlin, 1997; Arnsten and Li, 2005; Arnsten, 2007; Driesen et al., 2008). This implicates 
acute stress as a potential mediating factor in symptoms of higher-order cognitive dysfunction. 
However, little is known about the immediate effects of acute stress on WM-related prefrontal 
function in humans.
W M  refers to a system maintaining relevant information in a temporary buffer that is constantly 
updated to guide behavior and is well-known to be supported by a frontoparietal network (Baddeley, 
2003). Exposure to acute stress leads to rapid activation of the sympathetic nervous system (SNS), 
accompanied by the release of norepinephrine (NE) from a widely distributed brain network of 
synapses including abundant projections to the prefrontal cortex (PFC) (Arnsten and Goldman-Rakic, 
1998; Arnsten and Li, 2005; de Kloet et al., 2005; Elzinga and Roelofs, 2005; Schoofs et al., 2008). 
Acute stress also results in rapid activation of the prefrontal dopamine (DA) system (Deutch and 
Roth, 1990). Hence, detrimental effects of acute stress on W M  are thought to result from 
supraoptimal levels of catecholamines in the PFC. Empirical evidence from multiple pharmacological 
studies in nonhuman primates has revealed that catecholamines exert an inverted U-shaped 
influence on prefrontal cognitive function in which sub- or supraoptimal levels weaken WM  
processing (Arnsten and Li, 2005; Arnsten, 2007), and high doses of catecholamines are indeed 
associated with decreased neuronal firing in the dorsolateral PFC (DLPFC) (Arnsten and Goldman- 
Rakic, 1998; Birnbaum et al., 2004; Wang et al., 2007). On a slightly longer time scale, acute stress 
results in activation of the hypothalamic-pituitary-adrenal (HPA) axis, which regulates the release of 
glucocorticoids (Brunner et al., 2005; de Kloet et al., 2005; Joels et al., 2006). Animal studies have 
demonstrated detrimental effects of glucocorticoids on WM, but only in the presence of concomitant 
arousal-related noradrenergic activation (Roozendaal et al., 2006), which in turn appears to be 
dependent on the amygdala (Goldstein et al., 1996). In humans, similar detrimental effects of 
glucocorticoids on W M  have been shown to be limited to a time window during which the SNS and 
the HPA axis are synergistically activated and do not persist after SNS recovery while glucocorticoid 
levels are still elevated (Elzinga and Roelofs, 2005; Schoofs et al., 2008). In sum, the HPA axis appears 
to exacerbate detrimental effects of supraoptimal levels of catecholamines on PFC functioning. From 
this neurobiological account, we therefore predicted that acute stress would lead to attenuated WM- 
related DLPFC activity.
In addition, activation in WM-related frontoparietal executive function networks is consistently 
accompanied by deactivation in a set of brain regions referred to as the default mode network (DMN) 
(Esposito et al., 2006; Hampson et al., 2006). Performing a W M  task while coping with an acutely
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stressful situation can be considered a form of continuous dual processing: acute stress may result in 
more difficulty inhibiting stress-related task-irrelevant internal thoughts (Schneider and Shiffrin, 
1977; Seibert and Ellis, 1991; Stawski et al., 2006; Schoofs et al., 2008) and therefore lead to 
alterations in, and reallocation of, attentional resources. Because the DMN and the frontoparietal 
executive network are known to exhibit reciprocal activity (Selemon and Goldman-Rakic, 1988; 
Pomarol-Clotet et al., 2008), we conjectured that acute stress induction could lead to redistribution 
of neural resources away from executive functioning networks and toward the DMN.
To address these issues, we used blocked-design functional magnetic resonance imaging (fMRI) 
to investigate how experimentally induced stress modulates neural activity during a numerical N- 
back task. Moderate psychological stress was induced using strongly aversive (vs. neutral) movie 
material with a self-referencing instruction. Participants were trained extensively on the W M  task 
before scanning to minimize interindividual variability and reduce practice effects. To assess the 
effects of stress induction on the SNS and HPA axis activation, heart rate (HR) was continuously 
recorded throughout scanning, and salivary cortisol samples were collected at baseline and at 
various time delays. W e predicted that acute stress would reduce WM-related DLPFC activity, 
potentially in combination with less deactivation of the DMN.
7.2 Materials and methods
7.2.1 Participants
Twenty-nine young, healthy, right-handed female university students (aged 18-25 years) with 
normal or corrected-to-normal vision participated in this study. Participants reported no history of 
neurological, psychiatric, or endocrine disease; no current use of any psychoactive drugs or 
corticosteroids; and no habit of watching violent movies or playing violent video games. None of 
them had experienced severe physical or emotional trauma. Avoiding confounds related to gender 
differences and menstrual cycle-dependent variance in stress responsiveness (Kirschbaum et al., 
1999a; Kudielka and Kirschbaum, 2005), only women taking standard single-phase oral 
contraceptives were included. They were tested in the final 2 weeks of their cycle to ensure stable 
hormone levels. Data from two participants were excluded because of technical failure and failure to 
complete the experiment. Written informed consent was obtained before the experiment in 
accordance with local ethical board requirements.
Participants were tested in a mixed-factorial design with stress induction as between-subject 
factor and WM-load (0- vs. 2-back) as within-subject factor. They were randomly assigned to either 
the stress induction (n = 14; aged 21 ± 2.1 years) or the control group (n = 13; aged 20 ± 1.8 years).
7.2.2 General Procedure
The experiment was carried out between 2 and 7 PM to ensure relatively stable and low levels of 
endogenous cortisol. After arrival, 1.5 hours before scanning, participants trained on the W M  task
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extensively and completed various questionnaires. Baseline measurements of cortisol and subjective 
affect (positive and negative affect scales, PANAS) (Watson et al., 1988) were obtained. After this, 
participants were told to which of the two experimental groups they were randomly assigned. The 
actual fMRI experiment consisted of four short movie clips to ensure that tasks of interest were fully 
embedded in a continuously stressful (or neutral control) context; it ended with a structural scan. 
Between the second and third movie clips, participants performed the numeric N-back task (Figure 
7.1).
7.2.3 Stress Induction
In the stress-induction group, acute psychological stress was induced by showing short movie clips in 
the MRI scanner containing scenes with extremely aversive content (extreme male to male and 
female violence), selected from a commercial movie (Irreversible, 2002, by Gaspar Noé). In the 
control group, participants watched equally long movie clips from another movie (Comment j'ai tué 
mon père, 2001, by Anne Fontaine), which was equalized in luminance and similar in language and 
human presence to the stress-induction film but contained only nonarousing scenes. After short 
introductory texts, participants were asked to watch the movies attentively and imagine themselves 
in the scene from an eyewitness perspective, thereby attempting to involve them maximally in the 
movie. The present stress induction method closely corresponds with the determinants of human 
stress response described by Mason (Mason, 1968) — that is, unpredictability, novelty, and 
uncontrollability. It also meets the criteria for stress impaired WM to occur—that is, close proximity 
of stressor and task to ensure concurrent (nor) adrenergic activity (Joels et al., 2006).
7.2.4 N-Back Task
Using a blocked-design, participants completed 10 cycles of alternating 0- and 2-back conditions 
interleaved by a jittered resting-fixation baseline ranging from 8 to 12 sec (average 10 sec). Within 
each block, a random digit sequence consisting of 15 single digits was shown to participants (see 
Figure 7.1A). Each digit was presented for 400 msec, followed by an inter-stimulus interval of 1400 
msec. Each block lasted 27 sec, and started with a 2-sec cue presentation indicating the 0- or 2-back 
condition. During the 0-back condition, participants were asked to detect whether the current item 
on the screen was a "1” or not. During the 2-back condition, participants were asked to detect 
whether the current item had appeared two positions back in the sequence. Participants were 
instructed to make a button press with their index finger when detecting a target. Before fMRI 
scanning, they were extensively trained in performing the task (i.e., 10 cycles of alternating 0- and 2- 
back conditions) to minimize interindividual variability and reduce practice effects. Data from the 
last four training cycles served as prestress induction baseline performance measure.
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7.2.5 Subjective and Physiological Measurements of Stress
7
Figure 7.1 Experimental design and 
subjective, endocrine, and autonomic 
measurements of stress. Experimental 
design: the experiment started with the 
first movie clip (M1: 2.20 min) at time 
point 0 in MRI scanner and was 
followed by a passive viewing task 
involving facial expressions, a second 
movie clip (M2: 1.30 min), the N-back 
task (13.60 min), a third movie clip (M3: 
1.30 min), and other tasks (30 min); 
subjective (negative affective scale), 
endocrine (cortisol), and autonomic 
(HR) measurements of stress were 
acquired throughout the experiment. 
(A) The digit sequence in the 
rectangular box is an example of the 0 - 
and 2-back conditions (see Methods and 
Materials for more details). (B and C) 
Averaged and baseline-corrected 
negative affect ratings and free salivary 
cortisol at different time points for the 
two groups: four PANAS measurements 
coinciding with five salivary samples 
were acquired (i.e., two baseline 
salivary samples at -75 min and -60 min, 
three additional ones at +15, +60, and 
+90 min relative to the start of MRI 
scanning). (D and E) Averaged and 
baseline-corrected HR and HRV during 
the N-back task and its surrounding 
movie clips (M2 and M3) for the stress 
and the control groups. Control, control 
group; Stress, stress group. *p < 0.05; 
**p < 0 .0 1 ; ***p < 0 . 0 0 1 .
Subjective mood was assessed using the PANAS at baseline and three additional time points 
coinciding with collection of salivary samples (see Figure 7.1B and 1C). To monitor the HPA axis 
response, saliva samples were collected using Salivette collection devices (Sarstedt, Rommelsdorf,
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Germany). Participants were requested to abstain from eating, drinking, or smoking for 1 hour 
before arrival. Salivary sampling consisted of two baseline measurements (before MRI scanning) and 
three additional ones (right before the N-back task, right after the last movie clip, and 20 min after 
leaving scanner). All samples were stored at -20°C until analysis. Samples were prepared for 
biochemical analysis by centrifuging at 3000 rpm for 5 min, which resulted in a clear supernatant of 
low viscosity. Salivary-free cortisol concentrations were determined employing a chemiluminescence 
assay (CLIA) with high sensitivity of 0.16 ng/mL (IBL, Hamburg, Germany).
To assess the autonomic nervous system response, HR was recorded continuously throughout 
MRI scanning using an MRcompatible pulse oximeter attached to the left index finger. Offline analysis 
included calculation of both HR frequency and HR variability (HRV; calculated as the root mean 
square of successive differences [rMSSD], an index of respiratory sinus arrhythmia) (van Aken et al., 
2003). Data from two participants were excluded from this analysis because of excessive artifacts 
(one in the stress group). Additionally, eye tracking was performed using an MR-compatible eye- 
tracking device (MEye Track-LR camera unit, SensoMotoric Instruments, Teltow, Germany) to 
confirm attentive viewing of the movie clips.
7.2.6 fMRI Data Acquisition
During MRI scanning, whole brain T2*-weighted echo planar imaging based on blood oxygenation 
level-dependent contrast (EPI-BOLD) fMRI data were acquired with a Siemens Trio 3.0-T MR- 
scanner (Erlangen, Germany) using an ascending slice acquisition sequence (37 axial slices, volume 
repetition time [TR] = 2.18 sec, echo time [TE] = 25 msec, 80° flip angle, slice matrix size = 64 x 64, 
slice-thickness = 3.0 mm, slice gap = 0.3 mm, field of view [FOV] 212 x 212 mm). Three hundred 
seventy-six volumes were acquired during the N-back task. High-resolution structural images (1 x 1  
x 1 mm) were acquired using a T1-weighted three dimensional magnetization-prepared rapid 
gradient-echo (MP-RAGE) sequence (TR 2.3 sec, TE 2.96 msec, 8 °  flip-angle, 192 contiguous sagittal 
slices, slice matrix size 256 x 256, FOV 256 x 256 mm), and Siemens’ integrated parallel acquisition 
technique (iPAT) in conjunction with generalized autocalibrating partially parallel acquisitions 
(GRAPPA) reconstruction (factor two accelerated) (Griswold et al., 2002).
7.2.7 fMRI Data Analysis
Image preprocessing and statistical analysis was performed using SPM5 
(http://www.fil.ion.ucl.ac.uk/spm). The first five EPI volumes were discarded to allow for T1 
equilibration. Remaining functional images were rigid-body motion corrected and the mean image 
was coregistered to each participant’s T1-weighted MR-image. Subsequently, images were 
transformed into a common stereotactic space (MNI152 T1-template), and resampled into 2 mm 
isotropic voxels. Finally, images were spatially smoothed by convolving with an isotropic 3D- 
Gaussian kernel (8 -mm full width at half maximum). The data were statistically analyzed using 
general linear models and statistical parametric mapping (Friston et al., 1995b).
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To assess neural activity associated with 0- and 2-back conditions, the two conditions were 
modeled separately as boxcar regressors and convolved with the canonical hemodynamic response 
function in SPM5. Additionally, realignment parameters were included to account for movement- 
related variability. The analysis furthermore included high-pass filtering using a cutoff of 1/128 Hz, 
global intensity normalization, and serial correlations correction using a first-order autoregressive 
(or AR[1]) model. The contrast parameter images for both conditions relative to baseline, which 
were generated at the single-subject level, were submitted to a second-level analysis within a 2  
(group) by 2 (WM-load) mixed factorial analysis of variance (ANOVA). W e used an alpha of 0.05 
corrected for multiple comparisons based suprathreshold cluster size statistics (Worsley et al., 1996). 
The initial threshold for this analysis was set at p < 0.001, uncorrected, which was also used for 
visualization of activations. Given our clear hypotheses regarding the DLPFC, this region was 
additionally investigated with a reduced search region consisting of a sphere (radius 2 0  mm) at 
coordinates reported in previous studies with similar N-back tasks (Callicott et al., 1999; Callicott et 
al., 2000), using a small volume correction procedure (SVC). The SVC procedure was also employed 
for brain regions within the DMN at coordinates reported by Greicius and colleagues (Greicius et al., 
2003). Parameter estimates were extracted from those regions to characterize the response patterns 
of 0- and 2-back conditions of the two groups using MarsBar (Brett et al., 2002b).
7.3 Results
7.3.1 Subjective and Physiological Measurements of Stress
Subjective negative affect scores at different time points are shown in Figure 7.1B for the two groups. 
A 2-by-3 ANOVA with group as the between-subjects factor and time as the within subjects factor 
(three post-baseline time points) revealed significant main effects of group [F(1,25) = 18.56, p < 
0.001] and time [F(2,24) = 12.31, p < 0.001], and a significant interaction effect [F(2,24) = 7.56, p < 
0.003], indicating that stress induction resulted in significantly increased negative affect.
Baseline-corrected salivary cortisol measures are shown in Figure 1C. A 2 (group) by 3 (time: 
three post-baseline time points) ANOVA revealed a significant downward pattern in cortisol for both 
groups over time [F(1,25) = 9.59, p < 0.005], most likely due to diurnal rhythm and stress 
anticipation, and a significant interaction effect of group and time [F(2,24) = 3.43, p = 0.049]. Further 
testing revealed significantly higher cortisol levels for the stress group than the control group at the 
time point directly preceding the N-back task and surrounding movie clips [t (15.8) = 1.91, p = 0.037 
one-tailed]. Baseline-corrected HR and HRV were averaged separately for the N-back task and 
surrounding movie clips (see Figure 1D and 1E). A 2 (group) by 3 (time: pre-, during-, and post-N- 
back task) ANOVA was conducted separately for HR and HRV data. A significant main effect of group 
was found for HR [F(1,23) = 10.77, p = 0.003] as well as HRV [F(1,23) = 6.69, p = 0.016], with 
significantly increased HR, and decreased HRV, in the stress group compared with the control group. 
The two groups did not differ in either HR [t(24) = 0.85, ns] or HRV [t(24) = 1.15, ns] at baseline.
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Taken together, the results from subjective and physiological measurements of stress 
consistently confirm that the N-back task was indeed embedded in a stressful context for the stress 
group.
7.3.2 N-Back Performance
Two separate ANOVAs for accuracy and reaction times (RTs) were conducted with session (prestress 
baseline vs. scanning) and WM-load as within-subject factors and group as between subject factor. 
There were robust main effects of WM-load for both accuracy and RTs [F (1,25) = 25.197 and F (1,25) 
= 36.672, respectively, both p values < 0.001]. We found no interaction between WM-load and 
session (both F values < 1), indicating no significant change in the WM-load effect from prestress 
baseline to scanning. Also, we found no three-way interaction effect involving group, indicating no 
significant stress effect on WM performance change. Additionally, two separate 2 (group) by 2 (WM- 
load) ANOVAs were conducted for accuracy and RTs specifically on the data acquired during 
scanning. Again, robust main effects of WM-load on accuracy and RTs were found [F(1,25) = 31.572 
and F(1,25) = 40.097, respectively, both p values < 0.001]. Neither a main effect of group nor an 
interaction effect was found (all Fvalues < 1; see Figure 7.2). Thus, performance data show robust 
WM-load effects but no changes in WM-load effects from prestress baseline to scanning and no 
effects of stress induction on WM-load effects.
0-back 2-back 0-back 2-back
Figure 7.2 Behavioral performance in the N-back task. Mean accuracy (± SEM) and mean RTs (±SEM) of 0- 
and 2-back conditions for the stress induction and the control groups. Stress, stress group; Control, control 
group.
To investigate further whether stress-induced performance decreases may have occurred in 
participants with a stronger physiological stress response exclusively, we calculated correlations 
between physiological stress measurements and changes in performance from prestress baseline to 
scanning within the stress group. Cortisol levels just before the N-back task (r = 0.546, p < 0.043) and 
HR during the N-back task (r = 0.649, p < 0.016) correlated positively with RT change (see Figure 1 in
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Supplemental materials), showing that participants with the strongest stress response slowed down 
most.
7.3.3 Neuroimaging Results
First, by contrasting 2- with 0-back conditions (collapsing across groups), we replicated robust 
activations of a WM-related network including the bilateral DLPFC (local maxima at [36, 48, 18] and 
[-34, 52, 14], p <0.05, whole-brain family-wise error [FWE] corrected), bilateral intraparietal cortex 
(local maxima at [-44, -42, 50] and [40, -44, 46], p < 0.05, whole-brain FWE corrected), cerebellum 
(local maxima at [30, -58, -32] and [-30, -58, -34], p < 0.05, whole-brain FWE corrected), and other 
related regions (see Table 7.1).
Table 7.1 B rain activations related to WM-load and modulations of stress induction
MNI152 coordinates
Brain Regions BA T values x y z
Main effect of WM-load (2- vs. 0-back, collapsing across two groups)
Superior/Middle PFC R 6 15.15** 28 4 58
L 6 12.90** -30 2 58
Inferior PFC "'tR 11.30** -28 24 4
L 47 12.94** 32 24 0
DLPFC R 46 10.67** 36 48 18
L 46 9.59** -34 52 14
Lentiform nucleus - 10.35** -16 -4 0
- 8 .2 1 ** 18 -4 0
Inferior parietal cortex R 4 o 13.24** -44 -42 50
L 40 12.18** 40 -44 46
Superior parietal cortex R 7 11.83** 18 - 6 6  60
L 7 11.76** -14 - 6 8  58
Cerebellum R - 1 2 .1 2 ** 30 -58 -32
L - 11.48** -30 -58 -34
Interaction effect between WM-load and group (2- vs. 0-back x control vs. stress)
DLPFC R 46 3.97* 30 46 20
L 46 3.79* -36 48 8
Notes: Only clusters significant at p < 0.05, corrected at cluster level, are reported. ** p < 0.05 whole brain 
corrected; * p < 0.05 SVC. Stress, stress group; Control, control group; DLPFC, dorsolateral prefrontal cortex; L, 
left; R, right; BA, Brodmann Area; MNI, Montreal Neurological Institute.
More important for the question at issue, we found significant clusters in the bilateral DLPFC 
(local maxima at [30, 46, 20] and [-36, 48, 8], cluster p < 0.05, SVC) when contrasting neural activity
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related to 2- versus 0-back in the control group with that of the stress group (Figure 7.3). In other 
words, there was an interaction between WM-load (2- vs. 0-back) and group (control vs. stress), 
indicating that WM-related DLPFC activation was significantly reduced in participants exposed to 
stress induction compared with participants in the control group. Subsequent whole-brain 
regression analyses within the stress group, with physiological measurements of stress as separate 
covariates, revealed no significant clusters in WM-related structures. However, a more specific 
region of interest analysis on averaged parameter estimates from the cluster of voxels exhibiting a 
stress-induced reduction effect in the left DLPFC did reveal a significant positive correlation between 
HRV and left DLPFC activation (see in Figure 2Supplemental materials).
Figure 7.3 Brain regions involved 
in working memory in general 
(shown in blue, thresholded at p < 
0.05, whole-brain family-wise 
error corrected) and reduced 
activation in the dorsolateral 
prefrontal cortex (DLPFC) in the 
stress (vs. control) group (coded 
in red, thresholded at p < 0 .0 0 1 , 
uncorrected, for visualization 
purposes). Statistical parametric 
maps are superimposed onto 
spatially normalized and averaged 
(n = 27) high-resolution T1- 
weighted images. (A) Coronal 
view of activation in the bilateral
DLPFC (left panel) and transversal view of activation in the right DLPFC (right panel; marked by white 
circle). (B and C) Bar graphs representing parameter estimates of 0- and 2-back conditions for the stress 
induction and the control groups in the left and right DLPFC. Parameter estimates were extracted from brain 
regions coded in red. Control, control group; L, left; p, posterior; R, right; stress, stress group; T, 
corresponding t values.
In addition, by contrasting the active task-demanding conditions with fixation baseline 
(collapsing across groups), we replicated earlier findings showing deactivation in the DMN including 
posterior cingulate cortex (local maxima at [6, -52, 16] and [-6, -54, 16], p < 0.05, whole-brain FWE 
corrected), the ventral medial PFC extending into the orbitofrontal cortex (local maxima at [0, 58, 2] 
and [10, 52, -6], p < 0.05, whole-brain FWE corrected; see Table 7.2). Moreover, we found that stress 
induction led to significantly less deactivation in regions within the DMN, more specifically in the 
posterior cingulate cortex and the medial aspect of orbitofrontal cortex (local maxima at [-4, -40, 28]
111
Chapter 7
and [12, 46, -12] respectively; cluster p < 0.05, SVC; see Figure 7.4). W ithin the stress group, whole- 
brain regression analysis revealed that cortisol levels correlated with activity in the medial PFC 
extending into the anterior cingulate cortex (ACC; local maxima at [-8 , 48, -2], cluster p < 0.05, SVC; 
see Figure 3 in Supplement 1), indicating that participants with larger cortisol responses exhibited 
less deactivation of this DMN subregion.
Table 7.2 Brain (de)activations related to default mode network and modulations of stress
MNI152 coordinates
Brain Regions BA T value x y z
Deactivations during active conditions (0- and 2-back vs. fixation baseline, across groups)
Posterior cingulate cortex R 30/23 11.05** 6  -52 16
L 30/23 1 2 .2 2 ** -6 -54 16
Ventral medial PFC R 1 0 7.53** 10 52 -6
- 1 0 7.03** 0 58 2
Hippocampus R - 6 .6 6 ** 26 -18 -18
L - 8.87** -26 -26 -14
Parahippocampal cortex R 36 7.99** 26 -42 -10
L 36 8.47** -28 -40 -10
Insula R 13 8.29** 42 -16 0
L 13 6.57** -44 - 6 -4
Main effect of group (stress vs. control, collapsing across 0- and 2-back conditions)
Posterior cingulate cortex L 31/23 4.80* -4 -40 28
Orbital PFC R 10/32 4.21* 12 46 -12
Notes: Only clusters significant at p < 0.05, corrected at cluster level, are reported. ** p < .05 whole brain 
7  corrected; * p < 0.05, SVC. Stress, stress group; Control, control group; DLPFC, dorsolateral prefrontal cortex; L,
left; R, right; BA, Brodmann Area; MNI, Montreal Neurological Institute.
7.4 Discussion
W e aimed to investigate stress-induced modulations in WM-related prefrontal activity. Results 
confirmed our hypothesis of reduced WM-related activation in the DLPFC. This reduction was 
accompanied by less deactivation of brain structures within the DMN. As indicated by increased HR 
and decreased HRV, our stress induction procedure resulted in a shift toward more sympathetic, and 
less parasympathetic, autonomic nervous system activity. Moreover, stress induction increased HPA 
axis activity as measured from salivary cortisol. W e therefore discuss elevations of stress-sensitive 
catecholamines, which are associated with increased sympathetic tonus, and cortisol as potential, but 
not mutually exclusive, factors that may account for our observed alterations in neural activity.
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The PFC is sensitive to its neurochemical environment, and small changes in catecholamine 
modulation of this region can have substantial impact on higher-order cognitive function such as W M  
(Arnsten and Goldman-Rakic, 1998; Arnsten and Li, 2005; Arnsten, 2007). Exposure to acute stress is 
thought to result in activation of the locus coeruleus (LC), which rapidly increases NE projections to a 
widely distributed brain network. In this way, the LC plays a critical role in promoting behavioral 
adaptation to stressful situations (Sved et al., 2002; Berridge and Waterhouse, 2003; Morilak et al., 
2005). According to an integrative theory of the LC-NE system in neuromodulation of cognitive 
function (Aston-Jones et al., 1999; Aston-Jones and Cohen, 2005), LC-NE activity exhibits an inverted 
U-shaped relationship with outcome performance of goal-directed behavior. Optimal performance is 
associated with an intermediate level of LC activity and a strong phasic LC firing pattern in response 
to a focused task. In contrast, both LC hypoactivity and tonic hyperactivity lead to an impairment of 
performance and a reduced phasic LC firing pattern. Moreover, high tonic LC activity has been 
associated with a state of hypervigilance and increased exploration of adaptive options. In this study, 
stress induction may thus have led to high tonic LC activity resulting in a right-sided shift on the 
inverted U-shaped curve. Therefore, the reduction in WM-related DLPFC activity may be explained 
by a shift from phasic to tonic activation of ascending noradrenergic projections to the PFC.
Evidence from numerous pharmacological studies supports the notion that NE, but also other 
stress-sensitive catecholamines such as DA, exhibit inverted U-shaped dose-response relationships 
with cognitive performance (Arnsten and Li, 2005; Arnsten, 2007). On the cellular level, a recent 
pharmacological study implementing intracellular recordings suggests that catecholamines indeed 
have such dose-response relationships with neural firing patterns of the DLPFC underlying WM  
(Sved et al., 2002). The existence of such an inverted U-shaped pattern is further substantiated by 
dissociations of detrimental and beneficial effects through distinct cellular mechanisms. At optimal 
levels of NE, prefrontal function is strengthened through actions of a-2A-adrenoceptors and 
increasing neural firing via inhibition of cAMP-HCN (cyclic adenosine monophosphate- 
hyperpolarization-activated cyclic nucleotide-gated cation channel) signaling, whereas optimal levels 
of DA D1 receptor decrease task-irrelevant neural firing by increasing cAMP-HCN signaling (Arnsten, 
2007; Vijayraghavan et al., 2007; Wang et al., 2007). In contrast, stress-induced excessive levels of 
catecholamines impair WM-related prefrontal function by high levels of cAMP-HCN signaling and 
high levels of NE engaging the low-affinity _-1-adrenoceptor, which suppresses the neural firing 
pattern (Birnbaum et al., 2004; Arnsten and Li, 2005; Arnsten, 2007). In this study, the stress- 
induced shift in autonomic nervous activity toward more sympathetic tonus implicates strong 
engagement of the LC-NE system and therefore has likely resulted in the observed reduction of WM- 
related DLPFC activity.
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Figure 7.4 Brain regions 
showing deactivation during 
general active task conditions 
(coded in blue; thresholded at p 
< 0.05, whole-brain family-wise 
error corrected) and reduced 
deactivation in the stress (vs. 
control) group (coded in red, 
thresholded at p < 0 .0 0 1 , 
uncorrected, for visualization 
purposes). Statistical parametric 
maps are superimposed onto 
spatially normalized and 
averaged (n = 27) high­
resolution T1-weighted images. 
(A) Coronal view of deactivation
in the ventral medial/orbital prefrontal cortex (PFC; left panel; marked by white circle) and coronal view of 
deactivation in the posterior cingulate cortex (right panel; marked by white circle). (B andC) Bar graphs 
representing parameter estimates of 0 - and 2 -back conditions for the stress induction and the control 
groups in orbital PFC and posterior cingulate cortex (PCC). The parameter estimates were extracted from 
those brain regions coded in red. Control, control group; L, left; p, posterior; R, right; stress, stress group; T, 
corresponding t values.
In addition to this catecholaminergic mechanism, stress-induced glucocorticoids are also known 
to target the PFC, where corticosteroid receptors are abundantly expressed. On the behavioral level, 
studies in humans have shown that cortisol and NE activation have additive effects in WM 
impairment and that NE activation is a necessary condition for glucocorticoid effects to occur 
(Elzinga and Roelofs, 2005; Schoofs et al., 2008). In contrast to the control group, which only showed 
elevated SNS activity during the N-back task (see Figure 7.1D), most likely because of arousal related 
to performing the task, our physiological stress measurements show that stress induction indeed 
resulted in significant elevations of both HPA axis and SNS activity. Moreover, some measures of 
stress correlated with brain activation and WM performance changes within the stress group. 
Therefore, it is plausible that elevated levels of cortisol, in conjunction with high levels of 
catecholamines, play a role in stress-related DLPFC hypoactivation. In animal studies, such 
interactions between corticosteroids and NE have been found in the basolateral amygdala, where 
glucocorticoids potentiate noradrenergic actions (Roozendaal et al., 2002; Roozendaal et al., 2006). It 
is likely that similar interactions also occur in the PFC, because cortisol blocks extraneuronal 
catecholamine transporters that remove catecholamines from the synaptic cleft (Grundemann et al., 
1998b). Future studies are required to address such potential interactions in the PFC.
114
PFC in working memory under acute stress
It is well known that the DMN and the frontal-parietal executive network activate reciprocally: 
frontoparietal activation has often been found to be accompanied by DMN suppression (Selemon and 
Goldman-Rakic, 1988; Esposito et al., 2006; Hampson et al., 2006; Pomarol-Clotet et al., 2008). Our 
data robustly replicate earlier findings of DMN deactivation during W M  processing but also show 
stress-induced reduction of DLPFC activation accompanied by less deactivation in the DMN. 
Interestingly, recent studies suggest that the DMN is involved in processing information unrelated to 
a current goal directed task, or "mind wandering” (Gusnard et al., 2001; Mason et al., 2007). 
Performance of a W M  task in the context of acute stress, which can be taken as a form of dual 
processing, may result in difficulties inhibiting task-irrelevant internal thoughts (Schneider and 
Shiffrin, 1977; Seibert and Ellis, 1991; Stawski et al., 2006; Schoofs et al., 2008) such as intrusive 
recollection of aversive content of the movie. These notions are supported by our findings of reduced 
DMN suppression positively correlating with cortisol response in the stress group. Our data converge 
with other findings showing stress-induced increases in cerebral blood flow in a similar region 
(Wang et al., 2005). Thus, stress-related psychological factors may lead to a reallocation of neural 
resources away from a WM-related network and toward the DMN.
On a broad functional level, such a stress-induced reallocation of resources away from executive 
function networks may represent a mechanism that is essential for survival. Alongside rapid 
activation of autonomic and endocrine systems, excessive catecholamines released during acute 
stress may take prefrontal function "offline” to facilitate more adaptive and habitual responses like 
the "fight-or-flight” response (2,48), trading the accuracy of slow, higher-order cognitive processing 
for speed. Despite its utility in life-threatening situations, such a mechanism may exacerbate 
symptoms of prefrontal dysfunction in various psychiatric disorders characterized by higher 
susceptibility to stress, such as depression or schizophrenia. By showing similar prefrontal cortical 
dysfunctions in healthy individuals under acute stress, our data support the notion that there may be 
a direct association between symptoms of hypofrontality and heightened stress in these disorders 
(Mazure, 1995; Arnsten and Li, 2005; Arnsten, 2007; Driesen et al., 2008). Future studies in patients 
with these psychiatric disorders should take this factor into account.
In conclusion, the stress-induced reduction of WM-related activity in the DLPFC and the 
concomitant reduction of DMN deactivation are most likely caused by supraoptimal elevations of 
catecholamines (such as NE and DA), potentially in concert with elevated levels of cortisol. Such a 
reallocation of neural resources away from executive function networks may play an important role 
in higher-order cognitive dysfunctions observed in many psychiatric disorders, which lead to far- 
reaching problems for patients and their social environment.
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Supplementary Figure 1 Correlations between physiological stress responses and RT changes (i.e., change in WM 
load effect from pre-stress baseline to scanning session): left panel - correlation between baseline-corrected 
salivary cortisol change and RT changes; right panel - correlation between baseline-corrected HR during N-back 
task and RT changes. Notes: WM, working memory; HR, heart rate; RT, reaction time.
Supplementary Figure 2 Correlation between HRV and 
the DLPFC activation. The x-axis represents baseline- 
corrected HRV during the N-back task. The y-axis 
represents the averaged parameter estimates extracted 
from the left DLPFC cluster exhibiting a stress-induced 
reduction of WM-related activation. Notes: WM, working 
memory; HRV, heart rate variability; DLPFC, dorsolateral 
prefrontal cortex.
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Supplementary Figure 3 Brain regions showing deactivation during both active task conditions (coded in 
winter blue; thresholded at p < 0.05, whole brain FWE corrected) and showing positive correlation with 
levels of cortisol in the stress group (coded in red, thresholded at p < 0.005 uncorrected, for visualization; 
Cluster significant at 0.05, SVC). Statistical parametric maps are superimposed onto spatially normalized and 
averaged (n = 27) high-resolution T1-weighted images. Representative sagittal and axial slices for medial 
prefrontal cortex extending into anterior cingulate cortex are shown. Notes: ACC, anterior cingulate cortex; 
SVC, small volume correction; R, right; L, left; FWE, family-wise error.
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Abstract
Acute stress has a negative impact on higher-order functions of the prefrontal cortex (PFC) such as 
working memory (WM). In rodents, such effects have been shown to be mediated by alterations of 
catecholaminergic signaling, but human data in support of this notion is lacking. A genetic variation 
in Catechol-0-methyltransferase (COMT) is known to affect individual differences in basal 
catecholaminergic availability and has been shown to affect neurocognitive functions associated with 
the PFC. Here, we therefore investigated whether this genetic variation modulates effects of stress on 
WM-related activity of the PFC in humans. In a counterbalanced crossover design, 41 healthy young 
Caucasian men underwent functional Magnetic Resonance Imaging (fMRI) while performing a 
numerical N-back W M  task embedded in a stressful and a neutral control context. Moderate 
psychological stress was induced experimentally by viewing strongly aversive (vs. emotionally 
neutral) movie material combined with a self-referencing instruction. Stress induction resulted in 
genotype-dependent effects on W M  performance and WM-related neural activity in the dorsolateral 
PFC, with a relatively negative impact of stress in Met homozygotes as opposed to a relatively 
positive effect in Val-carriers. A similar interaction was found for WM-related deactivation in the 
anterior MTL. These findings suggest that individuals with high baseline catecholaminergic 
availability (Met homozygotes) appear to reach a supraoptimal state under moderate levels of stress. 
In contrast, individuals with low baselines (Val carriers) may reach a more optimal state. Thus, our 
data show that effects of acute stress on higher-order cognitive functions vary depending on baseline 
catecholaminergic activity, and thereby corroborate animal models of catecholaminergic function 
that propose a non-linear relationship between catecholaminergic activity and PFC function.
8
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8.1 Introduction
Exposure to acute stress results in rapid disruption of higher-order cognitive functions such as 
working memory (W M ) (Arnsten and Li, 2005; Elzinga and Roelofs, 2005; Arnsten, 2007; Schoofs et 
al., 2008; Arnsten, 2009; Qin et al., 2009a). Such effects are believed to result from stress-induced 
alterations in WM-related functions of the prefrontal cortex (PFC) through stress-sensitive 
neuromodulatory systems (Aston-Jones and Cohen, 2005; de Kloet et al., 2005; Arnsten, 2009; Joels 
and Baram, 2009; Sara, 2009). In particular, stress-related changes in catecholaminergic signaling 
have been shown to play a central role in modulating PFC function in rodents (Mattay et al., 2003; 
Birnbaum et al., 2004; Arnsten and Li, 2005; Drabant et al., 2006; Meyer-Lindenberg et al., 2006; 
Arnsten, 2007; Vijayraghavan et al., 2007; Wang et al., 2007; Arnsten, 2009). At present, however, 
there is no human data in support of this notion. A variation in the gene encoding Catechol-O- 
methyltransferase (COMT), an enzyme that inactivates catecholamines, has been shown to affect 
individual differences in basal catecholaminergic availability and neurocognitive functions associated 
with the PFC (Meyer-Lindenberg et al., 2006). W e therefore conjectured that effects of acute stress 
would interact with COMT genotype to alter PFC function in humans.
Exposure to acute stress leads to activation of the sympathetic nervous system (SNS) and the 
hypothalamic-pituitary-adrenal (HPA) axis, and is accompanied by a tonic increase in central release 
of catecholamines (de Kloet et al., 2005; Joels and Baram, 2009; Ulrich-Lai and Herman, 2009). 
Through ascending projections from brainstem nuclei, these stress-sensitive neuromodulators alter 
neuronal properties of widely distributed brain networks, including the prefrontal cortex (1,14). 
Converging evidence from human behavioral and functional neuroimaging studies have confirmed 
that acute psychological stress indeed impairs W M  processing (Elzinga and Roelofs, 2005; Schoofs et 
al., 2008), likely through reduced efficiency of dorsolateral PFC function (Qin et al., 2009a). However, 
animal studies suggest that the relationship between catecholaminergic activity and PFC function 
may follow an inverted U-shaped function, in which PFC function reaches an optimum at an 
intermediate level of catecholaminergic activity (Arnsten and Li, 2005; Arnsten, 2007; Vijayraghavan 
et al., 2007; Wang et al., 2007; Arnsten, 2009).
The intracellular enzyme COMT plays an important role in regulating catecholaminergic 
availability (Lotta et al., 1995). A single nucleotide polymorphism (SNP) in the gene encoding COMT, 
which causes a Valine-to-Methionine substitution at codon 158, leads to a three- to fourfold decrease 
in the ability of this enzyme to catabolize catecholamines such as dopamine and norepinephrine 
(Chen et al., 2004). As a consequence, catecholaminergic availability in Met homozygotes is 
presumed to be increased throughout the cortex, but particularly in the PFC (Sawaguchi et al., 1990; 
Arnsten, 2007, 2009). Associations have indeed been found in humans between COMT genotype and 
higher-order PFC functions and emotional processing in both health and disease (Dennis et al., ; Egan 
et al., 2001; Goldberg et al., 2003; Mattay et al., 2003; Drabant et al., 2006; Meyer-Lindenberg et al., 
2006; Tunbridge et al., 2006; Papaleo et al., 2008). Interestingly, recent evidence from human and
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rodent studies suggests that COMT genotype may interact to alter the effect of catecholaminergic 
manipulations (Mattay et al., 2003). For instance, one study in mice demonstrated that the Met/Met 
genotype is associated with better WM functioning at baseline, but also with a higher sensitivity to 
stress. In contrast, the Val/Val genotype exhibits inferior WM performance at baseline, but is less 
sensitive to stress (Papaleo et al., 2008). Based on these findings and the aforementioned inverted U- 
shaped relation between catecholaminergic signaling and neurocognitive functioning, we 
hypothesized that effects of experimentally induced moderate stress on WM-related activity in 
dorsolateral PFC in humans would exhibit a similar genotype-dependency, with stronger detrimental 
effects of stress in Met homozygotes.
To test this hypothesis, 41 healthy young Caucasian men (15 Met homozygotes, 7 Val 
homozygotes, and 17 heterozygotes) were scanned twice using Blood Oxygenation Level Dependent 
(BOLD) functional Magnetic Resonance Imaging (fMRI) while performing a numerical N-back WM 
task. In counterbalanced order, one scan session involved stress induction while the other session 
served as control condition (see Figure 8.1). Moderate psychological stress was induced 
experimentally by exposing participants to strongly aversive (as compared to neutral control) movie 
material. Aversive movie clips directly preceded and followed the task, and participants were given a 
self-referencing instruction. This method of stress induction has been shown previously to elicit 
physiological and psychological stress responses (Henckens et al., 2009; Qin et al., 2009a; van Marle 
et al., 2009). To validate our stress manipulation, measures of heart rate, a-amylase, salivary cortisol, 
and subjective negative affect were acquired during and around fMRI scanning. The numerical N- 
back task consisted of a 2- and a 0-back condition (Qin et al., 2009a). COMT genotype was 
determined for each participant. Because of the relatively low frequency of Val homozygotes, Val 
carriers were treated as a single group in all analyses. We predicted that moderate psychological 
stress would have an interactive effect on the differential BOLD response reflecting WM load (2- vs. 
0-back) for Met homozygotes and Val carriers, with a stronger stress-induced reduction of 
differential PFC activity in Met homozygotes. Moreover, because WM-related activation of the 
dorsolateral PFC is normally accompanied by deactivation of regions comprising the putative 'default 
mode’ network (Selemon and Goldman-Rakic, 1988; Arnsten, 2007), we anticipated a corresponding 
effect in these regions.
8.2 Results
8.2.1 Effectiveness of stress induction
Measurements of salivary cortisol, a-amylase, and subjective negative affect were submitted to 
separate 2*2*2 repeated measures ANOVAs with stress (stress induction vs. control) and time (pre 
vs. post) as within-subject factors, and genotype (Met homozygotes vs. Val carriers) as between- 
subject factor. Time by stress interactions were found for salivary cortisol (F(1,36) = 4.46, p < 0.05), 
a-amylase (F(1,36) = 7.97, p = 0.008), and negative affect (F(1,38) = 20.49, p < 0.001). For cortisol, a
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decrease was observed from pre- to post-stressor levels in the neutral condition (t(36) = 5.12, p <
0.001), but no significant change in the stress condition (t(36) < 1). For a-amylase, we observed an
increase in the stress condition (t(36) = 2.33, p < 0.03) and a decrease in the control condition (t(36)
= 2.07, p < 0.05). Negative affect increased in the stress condition only (F(1,38) = 8.23, p < 0.01).
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Figure 8.1 Overview of experimental design. The experiment consisted of stress and control conditions (or 
sessions), and the order was counterbalanced across participants. After preparation outside the scanner, a 
numeric N-back WM task was administered twice: one session was embedded in a stressful context and the 
other one was in a neutral or control condition (see Materials and Methods for details). Notes: The numbers 
in the squares indicate the time in minutes. S1 to S4 represent four saliva samples coinciding with subjective 
mood ratings.
Table 8.1 Physiological and psychological measurements of stress
Cortisol (nmol/l) 
Pre- Post-
a-amylase (U/l) 
Pre- Post-
HR (beats/minute)
M l N-back M2
Negative affect 
Pre- Post-
Stress 7.68 7.97 47.77 58.06 6 8 . 1 0 64.71 65.80 12.80 16.28
(SE) (0.80) (0.93) (6.09) (7.55) (1.85) (1.55) (1.72) (0.47) (0.89)
Control 8.32 6.39 55.30 49.36 59.92 63.24 60.29 13.13 12.54
(SE) (0.73) (0.46) (7.14) (6.71) (1.32) (1.42) (1.34) (0.61) (0.46)
Notes: HR, heart rate; Pre-, saliva sampling prior to stressor/control session; Post-, saliva sampling posterior to 
stressor/control session; M1&M2, movie clips prior and posterior to WM task.
Heart rate data were analyzed with a 2 * 3 * 2 repeated measures ANOVA across averaged 
measures during the N-back task and its two surrounding movie clips. W e found a main effect of 
stress (F(1,76) = 46.62, p < 0.001), and further t-tests confirmed that HR was consistently higher 
during all three phases of the experiment in the stress condition (all t(38) > 2.29, p < 0.03).
None of the statistical tests described above revealed significant (interaction) effects of genotype. 
Altogether, these results consistently confirm that the N-back task was indeed embedded in a 
stressful context in the stress condition.
8
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Figure 8.2 Stress-by-COMT genotype interaction 
effect on WM performance. Difference of accuracy 
between 2- and 0-back tasks was plotted on the 
vertical axis as a function of control and stress 
conditions for two genotype groups (Met-Met and 
Val-Carriers).
Table 8.2 B rain activations related to WM, and modulations of stress and COMT genotype
MNI coordinates
Brain Regions L/R BA T score Cluster size x y z
WM-related activation: 2- vs. 0-back collapsing across conditions and groups
8
Inferior parietal cortex L 40 15.42 7528*** -36 -42 44
R 14.46 44 -42 48
Superior PFC L 8 14.83 19642*** -4 14 54
R 14.12 4 22 50
Dorsolateral PFC R 9&10 12.16 40 36 34
L 10.40 -50 24 30
Inferior PFC L 47 13.23 -32 20 -2
R 15.07 34 26 -2
Striatum L - 9.53 -18 -2 14
R 8.45 16 4 4
Midbrain L - 6.91 -6 -24 -10
R 7.04 6 -24 -8
L 14.03 3389*** -28 -60 -28
Cerebellum "
R 14.02 30 -60 -26
Main effect of genotype: Met/Met vs. Val-carriers
Dorsolateral PFC L 3.94 40* -42 42 12
R 5.13 128** 42 8 44
Dorsolateral PFC
Interaction: (Stress vs. Control) x (Met/Met vs. Val-carriers) 
R 6 4.03 40* 30 30 42
Notes: Only clusters significant at p < 0.05 corrected on cluster level were reported. *** p < 0.05 FWE whole 
brain corrected; ** cluster p < 0.05 whole brain corrected; * cluster p < 0.05 SVC. Stress, stress group; Control, 
control group; PFC, prefrontal cortex; L, left; R, right; BA, Brodmann Area; MNI, MNI coordinates (SPM5).
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8.2.2 N-back WM performance
WM load effects on accuracy and RTs (i.e., differences between 2- vs. 0-back) were submitted to two 
separate 2 (stress) * 2 (genotype) ANOVAs. For accuracy, we found a main effect of genotype (F(1,37) 
= 4.95, p < 0.03) and an interaction between genotype and stress (F(1,37) = 4.47, p < 0.04) (see 
Figure 8.2). Further analyses revealed that Met homozygotes performed worse than Val-carriers in 
the stress condition (t(37) = 2.85, p < 0.01). No genotype effect was found in the control condition 
(t(37) = 1.31, p > 0.20). For RTs, neither a main effect of genotype nor an interaction effect was found 
(all F values < 1). These results indicate that there was a larger detrimental effect on accuracy in Met 
homozygotes as compared to Val-carriers in the stress condition.
8.2.3 Stress-by-COMT genotype interaction in WM-related activation in the dorsolateral PFC 
First, by contrasting 2- with 0-back conditions (collapsing across groups), we confirmed activation of 
a WM-related frontal-parietal network (see Table 8.2), indicating robust main effects of WM load. 
More important for the question at issue, we found a suprathreshold cluster in the right dorsolateral 
PFC (local maxima at [30, 30, 42], cluster p < 0.05, small volume correction [SVC]) for the interactive 
effect of stress (control vs. stress) and genotype (Met homozygotes vs. Val-Carriers) on this contrast. 
There was no reliable activation outside of the PFC in this contrast of stress-by-COMT interaction. As 
shown in Figure 8.3, stress induction had opposite effects on WM-related activity in this region 
depending on genotype.
M .
y - 3 0
Met/Met Val-carriers
Notes: Control, control condition; Stress, stress condition; T, color coded t values.
Figure 8.3 Stress-by-COMT genotype 
interaction effect on WM-related 
activity in the DLFPC (thresholded at p 
< 0.001 uncorrected for visualization 
purposes). Statistical parametric maps 
are superimposed onto spatially 
normalized and averaged (n = 39) 
high-resolution Tl-weighted images.
(A) Transversal (left panel) and 
coronal (right panel) view of activation 
in the right dorsolateral PFC. (B) Bar 
graphs representing parameter 
estimates of WM-related activation 
under control and stress conditions in 
Met-Met and Val-Carriers. The data for 
these bar graphs were only extracted 
for illustrative interaction effect and 
not for testing effects statistically.
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8.2.4 Stress-by-COMT genotype interaction in WM-related deactivation in the MTL 
By contrasting 0- with 2-back conditions (collapsing across groups), we replicated previous findings 
showing deactivation in regions comprising the default mode network (see Table 8.3). For the 
interactive effect of stress (control vs. stress) and genotype (Met homozygotes vs. Val-Carriers) on 
this contrast, we found significant clusters in the bilateral anterior MTL extending into amygdala 
(local maxima at [-46, 2, -20] and [30, 0, -22], both cluster p < 0.05, whole-brain corrected). As shown 
in Fig. 4, this interaction exhibits a pattern that is opposite to the one observed in the dorsolateral 
PFC.
Table 8.3 B rain deactivations related to WM, and modulations of stress and COMT genotype
Brain Regions MNI coordinates
L/R BA T score Cluster size x y z
WM-related deactivation: 2- vs. 0-back collapsing across conditions and groups
Posterior cingulate cortex - 31 16.05 7210*** 0 -42 36
L 13.49 -6 54 18
Ventral medial PFC L 10 12.63 5690*** -4 48 -6
- 12.34 0 52 14
Hippocampus L - 12.03 5201*** -26 -24 -16
R 11.29 5449*** 28 -20 -16
Anterior MTL L 35/28 9.81 -22 -10 -16
R 6.98 30 -6 -18
Insula L 13 9.88 -36 -16 2
R 10.52 40 -16 18
8
Interaction: (Control vs. Stress) x (Met/Met vs. Val-carriers)
Anterior MTL L - 4.17 223** -46 2 -20
(extending into amygdala) 3.54 -26 -2 -18
R - 4.32 103** 30 0 -22
4.25 40 -2 -24
Notes: Only clusters significant at p < 0.05 corrected on cluster level were reported. *** p < 0.05 FWE whole 
brain corrected; ** cluster p < 0.05 whole brain corrected; * cluster p < 0.05 SVC. Stress, stress group; Control, 
control group; MTL, medial temporal lobe; PFC, prefrontal cortex; L, left; R, right; BA, Brodmann Area; MNI, MNI 
coordinates (SPM5).
8.3 Discussion
The present study investigated whether effects of psychological stress on WM-related prefrontal 
functioning are modulated by a genetic variation in catecholaminergic function (determined by
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COMT genotype) in humans. As expected, stress induction resulted in COMT genotype-dependent 
effects on WM performance and WM-related neural activity in the dorsolateral PFC, with a relatively 
negative impact of stress in Met homozygotes as opposed to a relatively positive effect in Val-carriers. 
A similar interaction was found for WM-related deactivation in the anterior MTL. As evidenced by 
elevation of both HR and a-amylase, our stress induction procedure succeeded in triggering an 
increase of sympathetic and noradrenergic activity, and thus likely resulted in increased central 
release of stress-sensitive catecholamines (de Kloet et al., 2005; Joels and Baram, 2009; Ulrich-Lai 
and Herman, 2009). The effectiveness of stress induction did not differ between genotype groups. We 
therefore discuss how stress-induced elevation of catecholamines, together with genetic variation in 
catecholaminergic function, accounts for our observed COMT genotype-dependent effects of stress 
on WM processing.
Figure 8.4 Stress-by-COMT 
genotype interaction effect on WM- 
related deactivation in the MTL 
(thresholded at p < 0.001 
uncorrected for visualization 
purposes). Statistical parametric 
maps are superimposed onto 
spatially normalized and averaged 
(n = 39) high-resolution T1- 
weighted images. (A) Transversal 
(left panel) and coronal (right panel) 
view of activation in the bilateral 
anterior MTL extending into 
amygdala. (B) Bar graphs 
representing parameter estimates of 
WM-related deactivation under 
control and stress conditions in Met- 
Met and Val-Carriers. The data for
these bar graphs were extracted to illustrate the interaction effect and not for testing effects statistically.
Notes: Control, control condition; Stress, stress condition; T, color coded t values.
Our findings of an opposite effect of stress induction in Met homozygotes as compared to Val 
carriers are in line with animal models of the role of catecholamines in neuromodulation of cognition. 
Such models assume that catecholaminergic activity exhibits an inverted U-shaped relationship with 
high-order prefrontal cognitive function, and that optimal performance is reached at moderate levels 
of catecholamines (Arnsten and Li, 2005; Aston-Jones and Cohen, 2005; Arnsten, 2007, 2009). Thus, 
these models predict that the effect of stress-induced elevation of catecholaminergic activity may
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vary depending on the baseline. In humans, homozygous carriers of the Met allele have lower COMT 
availability, presumably resulting in higher catecholaminergic
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Figure 8.5 A heuristic model 
illustrating the effects of COMT 
genotype and stress on WM- 
related activation in the 
dorsolateral PFC and deactivation 
in the MTL. Stress-by-COMT 
genotype interaction on the 
inverted U-shaped curve between 
levels of catecholamines and 
dorsolateral PFC function (A) and 
its suppression of MTL function 
(B). COMT Val-carriers, with 
presumably lower baseline levels 
of catecholamines, start from the 
sub-optimal left end of the 
inverted U-shaped curve, with
suboptimal prefrontal WM function and less MTL suppression. Under moderate psychological 
stress, elevation of catecholamines may shift catecholaminergic signaling toward an optimal state 
(strong PFC activation and MTL suppression). In contrast, Met allele homozygotes, with high 
baseline catecholamines, might already start near the peak of the curve. Stress-induced elevation 
of catecholamines may therefore more easily shift these individuals towards a supra-optimal 
state. Notes: PFC, prefrontal cortex; MTL, medial temporal lobe.
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activity at baseline. Our findings show that a moderate level of stress has a relatively negative impact 
on neurocognitive functioning in these individuals, possibly because an elevation of 
catecholaminergic activity shifts the PFC toward a supraoptimal state at the right side of the alleged 
inverted-U shaped curve (see Fig. 5A). Interestingly, we found an opposite effect in Val-carriers, 
where a similar amount of stress had a relatively positive effect To interpret this finding, it is 
important to consider that the stressor used in this study was relatively mild. For instance, we 
observed a decrease of cortisol from pre- to post-stressor levels in the control condition but no 
significant change in the stress condition. Exposure to more severe stress has been found to generally 
result in detrimental effects on WM processing (Elzinga and Roelofs, 2005; Schoofs et al., 2008). 
Moreover, we previously found detrimental effects of acute stress on activity in the dorsolateral PFC 
across an unselected sample (Qin et al., 2009a), but that study did not implement a crossover design 
(i.e., repeated testing) and may therefore have been slightly more stressful. It is well possible that
B
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higher levels of acute stress would also have a negative impact in Val carriers. In sum, our findings 
therefore suggest that individuals with high catecholaminergic availability at baseline (Met 
homozygotes) are more susceptible to the detrimental effects of stress, whereas Val carriers appear 
more resilient.
Animal studies have shown that on a cellular level, the prefrontal WM network is strengthened 
through actions of a2A-adrenoceptors and increased neural firing via inhibition of cAMP-HCN (cyclic 
adenosine monophosphate-hyperpolarization-activated cyclic nucleotide-gated cation channel) 
signaling (Wang et al., 2007), while optimal levels of dopamine decrease task-irrelevant neural firing 
by increasing cAMP-HCN signaling (Arnsten, 2007; Vijayraghavan et al., 2007; Arnsten, 2009). 
Interestingly, recent studies in behaving primates suggest that elevated levels of catecholamines 
under stress impair prefrontal functioning by excessive cAMP-HCN and phosphatidylinositol-protein 
kinase C (PKC) intracellular signaling pathways (Arnsten, 2007, 2009). Activation of these two stress­
sensitive signaling pathways is thought to be regulated by molecular inhibitors provided by enzymes 
such as COMT (Arnsten, 2009). A methionine substitution in the COMT protein may reduce the ability 
of COMT to inhibit the activation of these stress-sensitive pathways. By showing a genotype- 
dependent difference in stress resilience, with relatively stronger stress sensitivity in human carriers 
of the Met allele, our data provide the first evidence for these notions in humans.
Human neuroimaging studies consistently show that WM-related activation of the dorsal 
frontoparietal "executive” network is accompanied by a reciprocal deactivation in regions 
comprising the "default mode” network (DMN), including the MTL (Selemon and Goldman-Rakic, 
1988; Dolcos and McCarthy, 2006; Esposito et al., 2006; Arnsten, 2009). Our data robustly replicate 
these findings, but moreover reveal an interaction between stress and COMT genotype in the 
bilateral anterior MTL, extending into amygdala. This interaction shows an opposite pattern to the 
one observed in the dorsolateral PFC (see Fig. 5 A&B), with less deactivation after stress in Met 
homozygotes. This finding may be a consequence of the concomitant negative effect on frontoparietal 
regions, resulting in reduced efficacy of these regions to suppress the DMN. An alternative, but partly 
complementary, explanation of this finding is that catecholaminergic changes may exert regionally 
specific effects that impair PFC function (Aston-Jones and Cohen, 2005; Shin et al., 2005; Dolcos and 
McCarthy, 2006; Etkin and Wager, 2007) but at the same time facilitate neural processes in limbic 
regions, particularly in the amygdala (de Kloet et al., 2005; van Marle et al., 2009). The function of 
such a large-scale reallocation of neural resources may be to effectuate a hypervigilant brain state to 
promote rapid behavioral adaption to adverse conditions at the cost of elaborate executive functions 
(Bouret and Sara, 2005; Sara, 2009).
In conclusion, the present study demonstrates COMT-genotype dependent effects of 
experimental induction of moderate stress on WM performance, WM-related activation of the 
dorsolateral PFC, and WM-related deactivation in the anterior MTL, with more negative impact of 
stress in a genotype that is associated with higher baseline levels of catecholamines. These findings
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are in line with animal models of catecholaminergic function that assume an inverted U-shaped 
relationship between catecholaminergic activity and PFC-dependent higher-order cognitive 
functions.
8.4 Materials and Methods
8.4.1 Participants
Forty-one young, healthy, right-handed males (Caucasian, aged 18-35 years) with normal or 
corrected-to-normal vision participated in this study. Participants reported no history of 
neurological, psychiatric, or endocrine disease, and no current use of psychoactive drugs or 
corticosteroids. None of them had experienced severe physical or emotional trauma. Only men were 
included to avoiding confounds related to gender differences and menstrual cycle-dependent 
variance in stress responsiveness (Kirschbaum et al., 1999b; Kudielka and Kirschbaum, 2005). All 
had participated before in MRI experiments to ensure that no stress response would be evoked by 
unfamiliarity with the environment and procedures. Written informed consent was obtained before 
the experiment and the study was carried out in accordance with the guidelines of the local ethical 
review board (CMO Region Arnhem-Nijmegen, The Netherlands) in accordance with the declaration 
of Helsinki. Data from two participants were excluded from further analysis: one due to technical 
failure and the other one due to excessive head movement during scanning.
Participants were tested in a mixed factorial design with stress induction as within-subject factor 
and genotype as between-subject factor. COMT val108/158met genotype was determined for each 
participant after the experiment. There were 15 individuals homozygous for the COMT met allele, 7 
individuals homozygous for the COMT Val allele, and 17 individuals heterozygous for the COMT Val- 
Met allele. Because of the small number of participants who were Val homozygotes, we grouped them 
together with Val-Met heterozygotes into a group of Val-carriers. The groups (Met-Met versus Val­
carriers) did not differ significantly in age (p > 0.1), and trait anxiety (p > 0.4).
8.4.2 General procedure
The experiment was carried out in the afternoon (after 2 PM) to ensure relatively stable and low 
levels of endogenous cortisol. After arrival, one hour before scanning, participants trained on the WM 
task extensively and completed various questionnaires. To ensure whether baseline levels of cortisol 
differed from different COMT genotypes, all participants were asked to take one saliva sample as 
baseline in the late afternoon on the day before the experiment at home. Other saliva samples and 
subjective affect (positive and negative affect scales, PANAS) (Watson et al., 1988) were obtained 
before and after the experiment. The actual fMRI experiment consisted of four short movie clips to 
ensure that tasks of interest were fully embedded in a continuously stressful (or neutral control) 
context. Between the second and third movie clips, participants performed the numeric N-back task 
(Fig. 1). Before and after the stress and control condition, saliva samples and subjective affect ratings
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were collected and heart rate (HR) was measured throughout the experiment. The two conditions 
were separated by approximately 20 minutes in which a structural MRI scan was made for 
anatomical normalization purposes.
8.4.3 Stress induction
Moderate acute psychological stress was induced by showing short movie clips within the MRI 
scanner containing scenes with strongly aversive content (extreme violence) selected from a 
commercially available movie (Irreversible, 2002, by Gaspar Noé). In the control condition 
participants watched equally long movie clips from another movie (Comment j'ai tué mon père, 2001, 
by Anne Fontaine) which were equal in luminance and similar in language but contained only non­
arousing scenes. After short introductory texts, participants were asked to watch the movies 
attentively and take an eyewitness perspective as to involve them maximally in the action taking 
place in the movie clips. The present stress induction method closely corresponds to the 
determinants of the human stress response as described by Mason (1968) (Mason, 1968), i.e., 
unpredictability, novelty, and uncontrollability. Moreover, previous studies have shown that this 
method elicits a measurable physiological and psychological stress response (Henckens et al., 2009; 
Qin et al., 2009a; van Marle et al., 2009). It also meets the criteria for stress impaired WM to occur— 
that is, close proximity of stressor and task to ensure concurrent (nor) adrenergic activity (Joels et al., 
2006).
8.4.4 N-back task
Using a blocked-design, participants completed 6 cycles of alternating 0- and 2-back conditions 
interleaved by a jittered resting-fixation baseline ranging from 8 to 12 sec (average 10 sec). Within 
each block, a random digit sequence consisting of 15 single digits was shown to participants (see Fig. 
1A). Each digit was presented for 400 msec, followed by an inter-stimulus interval of 1400 msec. 
Each block lasted 27 sec, and started with a 2-sec cue presentation indicating the 0- or 2-back 
condition. During the 0-back condition, participants were asked to detect whether the current item 
on the screen was a '1' or not. During the 2-back condition, participants were asked to detect 
whether the current item had appeared two positions back in the sequence. Participants were 
instructed to make a button press with their index finger when detecting a target. Before fMRI 
scanning, they were extensively trained in performing the task (i.e., 6 cycles of alternating 0- and 2 - 
back conditions) to minimize interindividual variability and reduce practice effects.
8.4.5 Subjective and physiological measurements of stress
Subjective mood was assessed using the PANAS before and after the stress induction condition and 
the control condition. Ten items for positive and ten ones for negative affect had to be rated on a five- 
point scale ranging from 1 (not at all) to 5 (extremely). A mean score was calculated for subjective
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negative affect.
To monitor the autonomic response and the HPA axis to stress induction, saliva samples were 
collected using salivette collection devices (Sarstedt, Rommelsdorf, Germany) in order to determine 
the levels of a-amylase and cortisol. Participants were requested to abstain from eating, drinking, or 
smoking for 1 hour before arrival. Salivary sampling consisted of one baseline measurement (the day 
before the experiment) and four additional ones (right before the stress , right after the last movie 
clip, and 20  min before and right after the stress condition, and right before and right after the 
control condition). All samples were stored at -20°C until analysis. Samples were prepared for 
biochemical analysis by centrifuging at 3000 rpm for 5 min, which resulted in a clear supernatant of 
low viscosity. Salivary-free cortisol concentrations were determined employing a chemiluminescence 
assay (CLIA) with high sensitivity of 0.16 ng/mL (IBL, Hamburg, Germany). Concentration of a- 
amylase in saliva was measured by an enzyme kinetic method: Saliva was processed on a Genesis 
RSP8/150 liquid handling system (Tecan, Crailsheim, Germany). The detailed procedure was 
described in our previous study (Cousijn et al.). Data from three participants were excluded from 
further analysis: two participants due to the failure to this analysis and the third one due to caffeine 
consumption shortly before the experiment.
To assess autonomic activity throughout the experiment, we continuously recorded HR with an 
infrared pulse oximeter (accompanying the MRI scanner, Siemens, Erlangen, Germany) placed on a 
finger of the left hand. Offline artifact correction and analysis of the HR frequency was done with in­
house software. The HR frequency was averaged for the duration of each movie clip and the task. 
Data from one participant were excluded due to failure to recording HR.
8.4.6 Genetic analysis
Genetic analyses were performed at the Department of Human Genetics of the Radboud University 
Nijmegen Medical Centre, in a laboratory which has a quality certification according to CCKL criteria. 
High molecular weight DNA was isolated from saliva using Oragene containers (DNA Genotek, 
Ottawa, Ontario, Canada) according to the protocol supplied by the manufacturer. All participants 
were genotyped for the COMT Val158Met (G>A) SNP (rs4680) using Taqman® analysis (Applied 
Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). Genotyping was carried out in a volume of 10 
^l containing 10 ng of genomic DNA, 5 ^l of Taqman Mastermix (2x; Applied Biosytems), 0.375 ^l of 
the Taqman assay, and 3.625 ^l of Milli-Q. The amplification protocol consisted of an initial 
denaturation step at 95°C for 10 minutes followed by 40 cycles of denaturation at 92°C for 15 
seconds and annealing and extension at 60°C for 60 seconds. Allele-specific fluorescence was 
subsequently measured on an ABI 7500 FAST (Applied Biosystems). Taqman genotyping assays were 
validated before use and 5% duplicates and blanks were taken along as quality controls during 
genotyping. Genotyping results were only considered valid if duplicates and blanks were called
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correctly and genotypes could be called for at least 95% of the sample tested. All genotype 
frequencies were tested for Hardy-Weinberg Equilibrium.
8.4.7 fMRI data acquisition
During MRI scanning, whole brain T2*-weighted echo planar imaging based on blood oxygenation 
level-dependent contrast (EPI-BOLD) fMRI data were acquired with a Siemens Trio 3.0-T MR- 
scanner (Erlangen, Germany) using an ascending slice acquisition sequence (37 axial slices; volume 
repetition time, TR 2.18 sec; echo time, TE 25 msec; 80° flip angle; slice matrix size, 64*64; slice- 
thickness, 3.0 mm; slice gap, 0.3 mm, field of view, FOV 212*212 mm). Two hundred six volumes 
were acquired during the N-back task. High-resolution structural images (1*1*1 mm) were acquired 
using a T1-weighted three dimensional magnetization-prepared rapid gradient-echo (MP-RAGE) 
sequence (TR = 2.3 s, TE = 3.03 ms, flip angle = 8°, 192 contiguous sagittal slices, slice matrix size = 
256x256, FOV = 256*256 mm).
8.4.8 fMRI data analysis
Image preprocessing and statistical analysis was performed using SPM5 
(http://www.fil.ion.ucl.ac.uk/spm). The first five EPI volumes were discarded to allow for T1 
equilibration. Remaining functional images were rigid-body motion corrected and the mean image 
was coregistered to each participant's T1-weighted MR-image. Subsequently, images were 
transformed into a common stereotactic space (MNI152 T1-template), and resampled into 2 mm 
isotropic voxels. Finally, images were spatially smoothed by convolving with an isotropic 3D- 
Gaussian kernel (8-mm full width at half maximum). The data were statistically analyzed using 
general linear models and statistical parametric mapping (Friston et al., 1995c).
To assess neural activity associated with 0- and 2-back conditions, the two conditions were 
modeled separately as boxcar regressors and convolved with the canonical hemodynamic response 
function in SPM5. Additionally, realignment parameters were included to account for movement- 
related variability. The analysis furthermore included high-pass filtering using a cutoff of 1/128 Hz, 
global intensity normalization, and serial correlations correction using a first-order autoregressive 
(or AR[1]) model.
The contrast parameter images for the 2-back condition relative to low-level baseline of the 0- 
back condition, which were generated at the single-subject level, were submitted to a second-level 
analysis within a 2 (stress) by 2 (genotype group) mixed factorial analysis of variance (ANOVA). We 
used an alpha of 0.05 corrected for multiple comparisons based suprathreshold cluster size statistics 
(Worsley et al., 1996). The initial threshold for this analysis was set at p < 0.001, uncorrected, which 
was also used for visualization of activations. Given our clear hypotheses regarding the dorsolateral 
PFC, this region was additionally investigated with a reduced search region consisting of a sphere 
(radius 20 mm) at coordinate reported in previous studies with similar N-back tasks (Qin et al.,
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2009a), using a small volume correction procedure (SVC). Parameter estimates were extracted from 
those regions to characterize the response patterns of the stress and neutral conditions in the two 
groups using MarsBar (Brett et al., 2002a).
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In this thesis, a consecutive line of seven fMRI studies has addressed the following two central 
questions in human memory research: how the medial temporal lobe (MTL) and the prefrontal 
cortex (PFC) contribute to a compositional and flexible episodic memory system (Arm 1), and what 
its adaptive properties are under task-irrelevant interference and acute psychological stress (Arm 2). 
In this Chapter, I will first summarize the main findings reported in this thesis and then discuss them 
in relation to the concept of adaptive (episodic) memory outlined in the general introduction. I will 
end with conclusions.
9.1 Main findings
In the first arm, three fMRI studies have investigated basic contributions of the MTL and the PFC to 
human episodic memory formation. The findings from Chapter 2 suggest that the hippocampus and 
parahippocampal regions indeed play distinct roles in supporting associative and item memory 
formation. These findings, together with those in Chapter 3, further confirm that the hippocampus is 
essential to integrate different aspects of an experience (inducing both simultaneous and 
discontinuous associations) into episodic memory. In addition to the MTL, the inferior (ventrolateral) 
PFC was also shown to be involved in successful associative memory formation (Chapter 2). Chapter 
3 moreover shows that the dorsolateral PFC specifically contributes to the formation of temporally 
discontinuous associative memories. Furthermore, chapter 4 shows that encoding-related activity in 
the PFC and MTL affect distinct dimensions of memory strength at the time of retrieval. Whereas the 
hippocampus and parahippocampal cortex seem to contribute specifically to subsequent accuracy of 
memory for details, encoding-related activity in the ventrolateral PFC predicts levels of subjective 
confidence during retrieval, likely through top-down modulations (see Chapter 4). Together, the 
studies of the first arm demonstrate that regions in the MTL and the PFC contribute to episodic 
memory formation through their distinct roles in mediating multiple forms of constructive processes, 
such as item and relation binding and top-down modulations.
In the second arm, four fMRI studies have investigated adaptive properties of medial temporal 
and prefrontal memory systems under interfering noise and acute stress. The results in Chapter 5 
indicate that hippocampal activity associated with associative memory formation is reduced in order 
to resolve task-irrelevant noise. A similar reduction was observed in the hippocampus and midbrain 
during memory formation for emotionally neutral information encountered in a stressful context 
(Chapter 6). To elucidate adaptive properties of prefrontal top-down modulations, two studies 
(Chapter 7 and 8) specifically targeted working memory-related processes while subjects were 
exposed to acute stress. As reported in Chapter 7, stress exposure reduces working memory-related 
activity in the dorsolateral PFC. Furthermore, this stress-induced alteration in working memory- 
related prefrontal function is modulated by a genetic variation of catecholaminergic function 
(determined by COMT genotype), with a relatively negative impact of stress in Met homozygotes as 
opposed to a relatively positive impact in Val-carriers (Chapter 8). Together, findings from the
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studies in the second arm converge in demonstrating that functioning of MTL and PFC memory 
systems can be rapidly adapted to meet the demands of changing environmental circumstances, and 
that catecholaminergic neuromodulatory actions play an important role in such changes.
9.2 The orchestration of the MTL and the PFC in episodic memory formation
9.2.1 Divided labor in MTL subregions
The findings reported in Chapter 2 and 3 consistently indicate that the hippocampus and 
parahippocampal regions (including perirhinal, entorhinal, and parahippocampal cortices) play 
distinct roles in associative and item memory formation. This is in line with several influential 
divided-labor accounts of MTL function (Eichenbauma et al., 1994; Davachi, 2006; Diana et al., 2007; 
Eichenbaum et al., 2007), rather than with unitary MTL models, in which different subregions act 
together in a complementary way during both item and associative memory (Squire et al., 2004; 
Squire et al., 2007). A hierarchical organization of MTL subregions would provide an optimal 
structure for ‘indexing’ actual memories compositionally and associatively, in which neural 
processing streams from diverse neocortical association areas converge in the hippocampus via an 
intermediate level of parahippocampal regions (Eichenbaum, 2003; Squire et al., 2004; Suzuki and 
Amaral, 2004; Eichenbaum et al., 2007; Squire et al., 2007). More specifically, sensory information of 
individual items (i.e., objects, faces, or words) is initially processed in neocortical association areas as 
our findings of posterior inferior temporal cortex involved in item memory formation (Chapter 2). 
Thereafter, these processing streams converge in the parahippocampal cortex where perceptual 
representations are unitized, and thus can be transformed into meaningful representations for 
further processing in the perirhinal cortex. Such a hierarchical model of MTL information processing 
is consistent with its important role in both item memory formation and encoding of item-related 
contextual information (Bar, 2004), and would facilitate rapid familiarity detection during item 
recognition (Fernández and Tendolkar, 2006). This mechanism also accounts for our findings of 
rhinal cortex contributing to item memory formation (Chapter 2), and posterior parahippocampal 
cortex involved in memory formation for associations and complex scenes with various 
spatiotemporal-contextual information (Chapter 3 and 4). At the top of the hierarchy, these 
processing streams from perirhinal and parahippocampal cortieces converge in the hippocampus 
and convey detailed information about item features and integrative information about the relevant 
context (Eichenbaum et al., 2007; Shimamura and Wickens, 2009). In this way, the hippocampus can 
integrate representations of disparate elements of an episode (regardless of whether these are 
separated in time or not in Chapter 2 to 4) into one compositional memory.
9.2.2 Top-down modulations of (lateral) prefrontal regions
The findings from Chapter 2 to 4 suggest that prefrontal top-down modulations play an important 
role in episodic memory formation, with distinct roles for ventrolateral and dorsolateral parts. The
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ventrolateral PFC was found to be involved in memory formation for associations and complex 
scenes, which may require relational and elaborative processes and internal allocation of attentional 
resources (see Chapter 2 and 4). In contrast, the dorsolateral PFC appears to support the integration 
of disparate aspects of an experience separated in time. Such a process would require active 
maintenance of item representations in working memory (see Chapter 3) and is therefore in line 
with known functions of the dorsolateral PFC (Baddeley, 2000; Simons and Spiers, 2003; Blumenfeld 
and Ranganath, 2006). This functional distinction between ventral and dorsal regions of the lateral 
PFC seems to be consistent with findings from earlier neuropsychological studies in patients with 
damage to different parts of PFC, as well as with a number of recent functional imaging studies 
(Fernandez and Tendolkar, 2001; Simons and Spiers, 2003; Ranganath and Blumenfeld, 2007). Thus, 
it appears that the ventrolateral and dorsolateral PFC actually facilitates episodic memory formation, 
probably by the organization of encoding material, selecting and maintaining mental representations 
in working memory in terms of the current processing goal(s).
9.2.3 Complementary contributions of the MTL and the PFC
The co-activations in the MTL and the PFC during successful memory formation for associations 
(Chapter 2, 3, 5) and complex scenes (Chapter 4 and 6) suggest that the MTL and the PFC may make 
complementary contributions to episodic memory formation. More specifically, activity in the 
parahippocampal cortex and the hippocampus at encoding was found to predict how accurate 
specific details of a memory are later remembered (Chapter 4). In contrast, activity in the 
ventrolateral PFC was shown to predict with how much subjective confidence a memory is retrieved, 
suggesting the importance of its top-down modulations during memory formation. Thus, it seems 
that the MTL and the PFC contribute to two distinct dimensions of memory strength (see Figure 9.1).
One important question is how these MTL and PFC regions orchestrate their processing in 
support of episodic memory formation. According to an influential account proposed by Simons and 
Spiers, multiple forms of cognitive processes, mediated by unifying medial temporal and prefrontal 
networks, must act in parallel and smoothly interact with each other when supporting episodic 
memory formation and retrieval (Simons and Spiers, 2003). In the studies reported in this thesis, the 
experience of an episode during encoding typically involves simultaneous processing of diverse 
sensory inputs and associated contextual information in distributed neocortical association areas. As 
explained in 9.2.1, these neocortical processing streams converge in parahippocampal regions where 
perceived information is unitized and transformed into meaningful representations. Subsequently, 
such representations are further integrated into one coherent memory in the hippocampus. At the 
same time, interactions with the ventrolateral and the dorsolateral PFC may become important by 
providing top-down modulations over the encoding process in the MTL, internal monitoring and 
allocation of attentional resources and maintaining the representations according to current 
processing goal(s). In this way, these distinct neural processes could foster the flexile use of
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memories: the MTL can serve to accurate descriptions of past events, whereas the prefrontal 
modulation is beneficial for rapidly extracting the gist of a complex event in support for a quick 
categorical decision or prediction when it is necessary (Bar, 2003, 2009).
9.3 Adaptive alterations in medial temporal and prefrontal memory systems
9.3.1 Hippocampal memory functioning under interfering noise and acute stress
The study reported in Chapter 5 indicates that lower hippocampal activation seems to be sufficient to 
form an associative memory trace successfully under high levels of interfering noise. This reduction 
effect in the hippocampus is reminiscent of a widely investigated process of pattern separation in 
behaving rodents. This process is thought to mediate the reduction of redundant information to form 
cleanly orthogonalized memory representations with less neural activity in dentate gyrus (one of the 
subregions of the hippocampus) (Myers and Scharfman, ; Lisman and Otmakhova, 2001; Kesner and 
Hopkins, 2006; McHugh et al., 2007). Alternatively, mechanisms for ambient noise reduction might 
lead to less hippocampal input and hence to less overall processing, due to selectively directing 
attention to task relevant information mediated by sensory association areas like inferior temporal 
regions (Kastner et al., 1998; Kastner et al., 1999; Henckens et al., 2009).
A reduction of the subsequent memory effect in the hippocampus (and midbrain) was also found 
during memory formation for neutral information encountered in a stressful context (Chapter 6). 
Apart from the aforementioned mechanism of hippocampal noise reduction, this effect might also be 
related to stress-induced elevation of catecholaminergic systems. As introduced early in Chapter 1, 
the activity of catecholaminergic systems exhibit an inverted-U shaped relationship with 
neurocognitive functions (see Figure 1.3). Elevation of catecholamines during stress exposure may 
shift the catecholaminergic activity toward a supraoptimal state at the right side of the curve, which 
is associated with smaller phasic responses against a background of increased tonic firing (Aston- 
Jones and Cohen, 2005; Arnsten, 2009; Joels and Baram, 2009). This shift, thus results in diminishing 
phasic neural responses as reflected in the reduction of subsequent memory effects in the 
hippocampus and the midbrain. Consequently, these alterations in hippocampal memory system may 
lead to memory distortions for neural information encountered, which will be discussed in 9.4.1.
9.3.2 Prefrontal working memory functioning under acute stress
The study reported in chapter 7 observed a reduction of working memory-related activity in the 
dorsolateral PFC. This reduction is line with previous findings from pharmacological studies in 
primates using intracellular recordings, which showed that supraoptimal doses of catecholamines 
reduces neural firing in the dorsolateral PFC (Arnsten and Goldman-Rakic, 1998; Arnsten, 2000; 
Birnbaum et al., 2004; Vijayraghavan et al., 2007; Wang et al., 2007; Arnsten, 2009). Interestingly, 
this stress-induced alteration in prefrontal function proved to be dependent on COMT genotype (i.e., 
determining baseline differences in catecholaminergic function in the PFC; see Chapter 8), with a
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relatively negative impact in Met homozygotes as opposed to a relatively positive effect in Val­
carriers. For individuals who have a high level of catecholamines at baseline (Met homozygotes), a 
moderate level of stress may shift catecholaminergic activity toward a supraoptimal state. In contrast, 
Val-carriers, who presumably have lower baseline levels, might shift toward a more optimal state. 
These findings thus confirm that stress-induced alterations in prefrontal working memory function 
are indeed modulated by catecholaminergic function, apparently in a nonlinear manner. Such 
alterations may implicate certain adaptive purposes, which will be discussed in 9.4.2.
9.4 An integrative account of catecholaminergic modulation in medial temporal and 
prefrontal memory systems: optimal functioning and rapid adaption
As discussed above, regions in the MTL and PFC appear to support episodic memory formation 
through their distinct roles in mediating multiple forms of constructive processes which act in 
parallel and are smoothly orchestrated (see 9.2). On the other hand, these neurocognitive processes 
can be adaptively tuned to cope with task-irrelevant interference and acute stress (see 9.3). An 
important question is how the brain can achieve this flexibility. In this section, an integrative model 
of fast-acting catecholaminergic modulation of neurocognitive functions will be introduced, which 
accounts for both basic functions and adaptive properties of MTL- and PFC-based memory systems.
Different mental states of attention, motivation, and emotion covary with activity in 
catecholaminergic neuromodulatory systems of the brain. These neuromodulators are known to 
have a profound impact on cognition and behavior through regulation of cellular excitability in 
relevant brain regions (Aston-Jones and Cohen, 2005; Lisman and Grace, 2005; Arnsten, 2009; Sara, 
2009). For instance, electrophysiological studies in behaving primates and rodents have shown a 
clear relationship between catecholaminergic activity in locus coeruleus (LC) neurons and cognitive 
functions (Aston-Jones and Cohen, 2005; Bouret and Sara, 2005). Several influential models have 
suggested that this catecholaminergic activity exhibits an inverted U-shaped relationship with 
neurocognitive functioning of target regions (Aston-Jones and Cohen, 2005; Arnsten, 2009) (Figure 
9.1): intermediate levels of catecholaminergic activity are associated with high phasic neural firing 
patterns in response to task-relevant information and focal attention, thus optimizing cognitive 
performance. In contrast, tonic catecholaminergic hyperactivity is associated with generalized and 
reduced phasic firing patterns. Such a state is thought to promote hypervigilance, disengagement 
from active tasks, and searching for adaptive or alternative behaviors. In humans, similar 
catecholaminergic mechanisms may regulate adaptive functions of MTL and PFC memory systems, 
thus explaining our findings of stress-induced alterations in these regions.
9.4.1 Catecholaminergic modulations in medial temporal memory system
The formation of new memories, supported by the hippocampus and related brain regions, is thought 
to be modulated by catecholaminergic activity (Aston-Jones and Cohen, 2005; Lisman and Grace,
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2005; Sara, 2009). In a normal, attentive state, these catecholaminergic systems facilitate efficient 
functioning of memory-related neural circuits by increasing phasic firing patterns in response to 
environmental stimuli that are novel/salient, thus controlling the information to be encoded into 
long-term memory (Aston-Jones and Cohen, 2005; Lisman and Grace, 2005; Joels and Baram, 2009). 
For instance, novel information is first detected and formed into meaningful representations in the
Figure 9.1 Basic neurocognitive processes mediated by regions in the MTL and the PFC in episodic memory 
formation and their adaptive properties. The MTL consists of the hippocampus and surrounded rhinal 
(perirhinal and entorhinal) and parahippocampal cortices. The lateral PFC includes ventrolateral and 
dorsolateral regions. The inverted U-shaped curve represents the relationship between levels of noise or 
stress (or catecholamines) and neurocognitive functioning. Notes: MTL, medial temporal lobe; PFC, 
prefrontal cortex; 'f ,  optimized phasic neural activation; 'j', reduced phasic neural activation; 'rotating 
arrows', orgonalization between PFC and MTL; '?', uninvestigated questions.
MTL (Fernandez and Tendolkar, 2006). Subsequently, novelty signals are generated in the MTL, 
triggering phasic catecholaminergic neural firing, which in turn enhances hippocampal 
neuroplasticity through its reciprocal projections (Lisman and Grace, 2005; Harley, 2007). When 
stress, however, elevated catecholamines may shift these hippocampal and midbrain circuits from a 
phasic towards a tonic mode of functioning (Aston-Jones and Cohen, 2005; Arnsten, 2009), thus 
disrupting hippocampal memory processing. Meanwhile, the excessive release of fast-acting 
catecholamines also increases cellular excitability in relevant sensory brain regions, thus lowering 
perceptual thresholds and facilitating sensory processing (Henckens et al., 2009; Sara, 2009).
Interestingly, recent studies suggest that functional coupling of hippocampus and midbrain may 
also support memory generalization through integrative processes that take place already during 
encoding: phasic catecholaminergic firing in response to expectancy violations may trigger 
reactivations of overlapping memory traces and thus result in updating through integration of novel
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information (Kumaran and Duzel, 2008; Shohamy and Wagner, 2008; Shohamy et al., 2010). Thus, it 
is possible that the tonic activation of the hippocampal-midbrain loop under acute stress may lead to 
the overgeneralization of memory representations, which may explain why memories formed under 
stress are often overgeneralized and retrieved with overconfidence (i.e., our observed positive 
response bias, see Chapter 6). In line with an influential view that acute stress promotes the 
extraction of central thematic information, or gist, at the time of encoding, these processes are likely 
to contribute to the phenomena of stress-related false memories reported in previous psychological 
studies (Payne et al., 2002; Payne et al., 2006; Payne et al., 2007). Such a shift would have clear 
survival benefit over encoding of peripheral detail that is not of immediate importance. In this way, 
enhanced gist encoding promotes reconstruction of new information into more general existing 
categories, which is thought to be an economical way to process information in a stressful situation 
(Bar, 2004; Loftus et al., 2008; Bar, 2009; Kensinger, 2009). In sum, these results may provide a 
mechanistic account of memory distortions for neural information encountered in a stressful context, 
explaining why eyewitness memories are often unreliable.
9.4.2 Catecholaminergic modulations in prefrontal working memory system
Empirical evidence from recent studies in behaving primates has confirmed that the 
catecholaminergic activity indeed exhibits an inverted U-shaped relationship with higher-order 
prefrontal cognitive functions (Arnsten and Li, 2005; Arnsten, 2007, 2009). Under an attentive 
condition, intermediate levels of catecholamines strengthen higher-order prefrontal cognitive 
functions such as working memory. Under high level of stress, however, excessive catecholamine 
release takes elaborative and thoughtful function ‘offline’ as exemplified by the reduction effect 
observed in the dorsolateral PFC (Chapter 6). Thus, this mechanism can actually promote enhancing 
emotional arousal so that behavior becomes more adaptive for survival (Arnsten and Goldman-Rakic, 
1998; Aston-Jones and Cohen, 2005; de Kloet et al., 2005). In this way, the PFC trades the accuracy of 
slow and higher-order cognitive functions for speed of habitual responses (i.e., 'fight or flight).
Under a moderate level of psychological stress, such adaptive alterations could be individually 
variable as indicated by COMT genotype-dependent interaction effects of stress on WM processing 
(Chapter 8; also see 9.3.2). Thus, these data provide human evidence supporting animal models of 
catecholaminergic function that propose a non-linear, inverted U-shaped relationship between 
catecholaminergic activity and PFC function.
9.4.3 Catecholaminergic modulations in functional organization of the MTL and the PFC
Although the important role of catecholaminergic modulation of regional cognitive processes has
been widely addressed, recent studies in rodents also suggest that catecholaminergic activity has 
profound impact on the reallocation of neural resources in large-scale brain networks (i.e., network 
reset) involved in attention, perception, and memory (Bouret and Sara, 2005; Sara, 2009). In line
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with this notion, the findings in Chapter 7 and 8 have found that stress-induced alterations in the 
dorsolateral PFC are accompanied by working memory-related deactivations in several key regions 
of the so-called 'default mode' network including the medial PFC and the anterior MTL. The 
reciprocal pattern of stress-induced alterations in the PFC and the MTL may result from effects of 
catecholaminergic elevations on prefrontally mediated suppression of MTL function. In other words, 
catecholaminergic elevation in a state of acute stress may result in rapid reallocation of neural 
resources (Sara, 2009), with hypersensitization of limbic regions (particularly the amygdala) for 
affective processing (de Kloet et al., 2005; van Marle et al., 2009), accompanied by disengagement 
from executive functions (Aston-Jones and Cohen, 2005; Shin et al., 2005; Dolcos and McCarthy, 2006; 
Etkin and Wager, 2007). Our findings only show that stress-induced changes of catecholaminergic 
activity modulate reallocation of neural resources in the PFC and MTL during working memory 
processing, but it remains an open question how these changes modulate functional organization of 
these two networks in long-term memory system. By manipulating MTL and PFC top-down processes 
simultaneously, future research should address how regions in the MTL and PFC orchestrate 
adaptation of the episodic memory system and what the role of catecholaminergic activity in such 
processes is. Understanding how these brain mechanisms optimize learning and memory, and afford 
their rapidly behavioral adaptation in a constantly changing environment, is also relevant for the 
betterment of education and cognitive training, as well as the maladaptive memory-related disorders.
In addition to rapid catecholaminergic modulations, stress-induced elevations of hormones such 
as glucocorticoids (see Chapter 6 to 8) likely also play an important role in mediating cognitive 
processes in the MTL and the PFC, where corticosteroid receptors are abundantly expressed. 
Pharmacological studies in rodents have provided evidence that glucocorticoids, in interaction with 
catecholamines, have a profound impact on memory formation and consolidation, mainly through 
actions in amygdala and the hippocampus (Cahill and McGaugh, 1996; Joels et al., 2006; Roozendaal 
et al., 2009b), as well as on working memory function through actions in the PFC (Grundemann et al., 
1998a; Roozendaal et al., 2006; Robbins and Roberts, 2007). Thus, one could speculate that similar 
interactions are implicated in mediating adaptive alterations in MTL and PFC memory systems as 
described in this thesis. Future studies using pharmacological manipulations are required to 
specifically address these hypotheses.
Altogether, a consecutive set of studies reported in this thesis suggests that the human episodic 
memory system, with high levels of compositionality and flexibility, appears to be constituted by 
multiple forms of neurocognitive processes in the MTL and PFC that act in parallel and smoothly 
orchestrated. Importantly, these processes can be rapidly adapted to meet the diverse needs under 
various circumstances such as concurrently interference and stress. It appears that the release of 
catecholamines in response to environmental imperatives (particularly in a state of acute stress) 
rapidly interrupts basic neurocognitive functions in medial temporal and prefrontal memory systems, 
which serves to facilitate their reorganization to promote rapid behavioral adaptation.
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9.5 Conclusions
Two lines of conclusions can be drawn from the findings reported in this thesis. The first line of 
conclusions from Arm 1 is that different regions in the MTL and the PFC, mediating multiple forms of 
constructive processes, have distinct contributions to episodic memory formation. That is, the 
hippocampus and parahippocampal region contribute mainly to the integration of different aspects 
of an experience into a coherent representation through their roles in item and associative 
(relational) processes. At the same time, the ventrolateral and dorsolateral PFC may facilitate 
memory formation through their top-down modulation of encoding process in the MTL, and 
maintaining the representations in working memory according to current processing goals. Through 
these well-orchestrated contributions of different brain regions, representations of disparate aspects 
of an experience can be efficiently integrated into a coherent and compositional episode, and then 
transformed into long-term episodic memory.
The second line of conclusions from Arm 2 is related to adaptive alterations in medial temporal 
and prefrontal memory systems when individuals are exposed to interfering noise or psychological 
stress. It appears that relatively low hippocampal activation is sufficient for associative memory 
formation under high levels of interfering noise, probably mediated by hippocampal noise reduction 
function. Furthermore, hippocampal as well as prefrontal functioning are reduced when subjects are 
stressed, a phenomenon that can be most readily explained by hyperactive stress-related 
catecholaminergic systems. Stress-induced alterations in prefrontal working memory function differ 
between individuals depending on different basal catecholamine availability (determined by COMT). 
Thus, these findings suggest that adaptive alterations are most readily mediated by changes of 
catecholaminergic signalling rendering medial temporal and prefrontal memory systems. This 
mechanism explains why human episodic memory systems are highly flexible and serve diverse 
functions when promoting rapidly behavioral adaptation.
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10.1 Summary
10.1.1 Introduction
Our ability to rapidly learn and remember various kinds of new information, including information 
about items, associations, and their spatiotemporal and emotional context, suggests that we possess 
a highly flexible memory system. This flexibility is thought to allow us to adapt rapidly to constantly 
changing environments. Although research in psychology has outlined the functional properties of 
such a system involved in a variety of mnemonic processes, we still understand little about how this 
flexibility is constituted by these processes at the level of the brain and even less about their adaptive 
functions.
This thesis focuses on the topic of human adaptive (episodic) memory by investigating (1) basic 
contributions of the medial temporal lobe and the prefrontal cortex to compositional and flexible 
episodic memory (arm 1 ), and (2 ) their adaptive properties under task-irrelevant interference and 
acute psychological stress (arm 2). Using a multidisciplinary approach (i.e., combining fMRI with 
endocrine and physiological stress measures, eye-tracking, and genetic imaging techniques), the 
seven empirical chapters of this thesis present a consecutive line of fMRI studies to address the 
above two aims, central to present day memory research.
10.1.2 Main findings
In the first arm, three fMRI studies have investigated basic contributions of the MTL and the PFC to 
human episodic memory formation. The findings from Chapter 2 suggest that the hippocampus and 
parahippocampal regions indeed play distinct roles in supporting associative and item memory 
formation. These findings, together with those in Chapter 3, further confirm that the hippocampus is 
essential to integrate different aspects of an experience (inducing both simultaneous and 
discontinuous associations) into episodic memory. In addition to the MTL, the inferior (ventrolateral) 
PFC was also shown to be involved in successful associative memory formation (Chapter 2). Chapter 
3 moreover shows that the dorsolateral PFC specifically contributes to the formation of temporally 
discontinuous associative memories. Furthermore, chapter 4 shows that encoding-related activity in 
the PFC and MTL affect distinct dimensions of memory strength at the time of retrieval. Whereas the 
hippocampus and parahippocampal cortex seem to contribute specifically to subsequent accuracy of 
memory for details, encoding-related activity in the ventrolateral PFC predicts levels of subjective 
confidence during retrieval, likely through top-down modulations (see Chapter 4). Together, the 
studies of the first arm demonstrate that regions in the MTL and the PFC contribute to episodic 
memory formation through their distinct roles in mediating multiple forms of constructive processes, 
such as item and relation binding and top-down modulations.
In the second arm, four fMRI studies have investigated adaptive properties of medial temporal 
and prefrontal memory systems under interfering noise and acute stress. The results in Chapter 5 
indicate that hippocampal activity associated with associative memory formation is reduced in order
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to resolve task-irrelevant noise. A similar reduction was observed in the hippocampus and midbrain 
during memory formation for emotionally neutral information encountered in a stressful context 
(Chapter 6). To elucidate adaptive properties of prefrontal top-down modulations, two studies 
(Chapter 7 and 8) specifically targeted working memory-related processes while subjects were 
exposed to acute stress. As reported in Chapter 7, stress exposure reduces working memory-related 
activity in the dorsolateral PFC. Furthermore, this stress-induced alteration in working memory- 
related prefrontal function is modulated by a genetic variation of catecholaminergic function 
(determined by COMT genotype), with a relatively negative impact of stress in Met homozygotes as 
opposed to a relatively positive impact in Val-carriers (Chapter 8). Together, findings from the 
studies in the second arm converge in demonstrating that functioning of MTL and PFC memory 
systems can be rapidly adapted to meet the demands of changing environmental circumstances, and 
that catecholaminergic neuromodulatory actions play an important role in such changes.
10.1.3 Conclusions
Two lines of conclusions can be drawn from the findings reported in this thesis. The first line of 
conclusions from Arm 1 is that different regions in the MTL and the PFC, mediating multiple forms of 
constructive processes, have distinct contributions to episodic memory formation. That is, the 
hippocampus and parahippocampal region contribute mainly to the integration of different aspects 
of an experience into a coherent representation through their roles in item and associative 
(relational) processes. At the same time, the ventrolateral and dorsolateral PFC may facilitate 
memory formation through their top-down modulation of encoding process in the MTL, and 
maintaining the representations in working memory according to current processing goals. Through 
these well-orchestrated contributions of different brain regions, representations of disparate aspects 
of an experience can be efficiently integrated into a coherent and compositional episode, and then 
transformed into long-term episodic memory.
The second line of conclusions from Arm 2 is related to adaptive alterations in medial temporal 
and prefrontal memory systems when individuals are exposed to interfering noise or psychological 
stress. It appears that relatively low hippocampal activation is sufficient for associative memory 
formation under high levels of interfering noise, probably mediated by hippocampal noise reduction 
function. Furthermore, hippocampal as well as prefrontal functioning are reduced when subjects are 
stressed, a phenomenon that can be most readily explained by hyperactive stress-related 
catecholaminergic systems. Stress-induced alterations in prefrontal working memory function differ 
between individuals depending on different basal catecholamine availability (determined by COMT). 
Thus, these findings suggest that adaptive alterations are most readily mediated by changes of 
catecholaminergic signalling rendering medial temporal and prefrontal memory systems. This 
mechanism explains why human episodic memory systems are highly flexible and serve diverse 
functions when promoting rapidly behavioral adaptation.
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10.2 Samenvatting
10.2.1 Achtergrond
Ons vermogen om snel nieuwe soorten informatie te leren en te onthouden, zoals items, associaties 
en de spatio-temporele context daarvan, suggereert dat wij zijn toegerust met een buitengewoon 
flexibel geheugensysteem. Deze flexibiliteit wordt geacht ons in staat te stellen ons snel aan te passen 
aan aanhoudend veranderende omgevingen. Hoewel onderzoek in de psychologie de contouren heeft 
geschetst van de benodigde functionele eigenschappen van een dergelijk systeem, is het nog zeer 
onduidelijk hoe deze flexibiliteit zich weerspiegelt in neurale processen in de hersenen.
Dit proefschrift richt zich op het adaptief (episodisch) geheugen door onderzoek te doen naar de 
basale bijdragen van de mediale temporaalkwab (MTL) en de prefrontaalkwab (PFC) aan 
compositioneel en flexibel episodisch geheugen (arm 1 ) en de adaptieve eigenschappen daarvan 
onder taak-irrelevante interferentie en acute psychologische stress (arm 2). Middels een 
multidisciplinaire benadering (een combinatie van functionele beeldvormende technieken met 
fysiologische stressmaten, pupillometrie en genetische beeldvormende technieken) bieden de zeven 
hoofdstukken van dit proefschrift een opeenvolgende lijn van studies die zich richten op de twee 
hierboven genoemde hoofdonderwerpen.
10.2.2 Hoofdbevindingen
De drie functionele MRI studies in de eerste arm waren erop gericht de basale bijdragen te 
onderzoeken van de MTL en PFC aan de vorming van episodische herinneringen. De bevindingen van 
Hoofdstuk 2 suggereren dat de hippocampus en parahippocampale gebieden inderdaad een te 
onderscheiden rol spelen in het ondersteunen van de formatie van associatief en item-gebaseerd 
geheugen. Deze bevindingen, samen met die in Hoofdstuk 3, bieden verdere ondersteuning voor de 
theorie dat de hippocampus essentieel is bij het integreren van verschillende aspecten van een 
ervaring (inclusief simultane en discontinue associaties) in een episodische herinnering. Naast de 
MTL werd ook aangetoond dat de PFC betrokken is bij de formatie van associatief geheugen 
(Hoofdstuk 2). Hoofdstuk 3 laat bovendien zien dat de dorsolaterale PFC specifiek betrokken is bij 
het vormen van temporeel discontinue associaties. Hoofdstuk 4 toont aan dat neurale activiteit 
gerelateerd aan geheugenformatie in de PFC enerzijds en de MTL anderzijds invloed heeft op twee te 
onderscheiden dimensies van geheugensterkte tijdens het terughalen van herinneringen. Terwijl 
activiteit in de hippocampus en de parahippocampale cortex specifiek lijkt bij te dragen aan de latere 
nauwkeurigheid van geheugen voor details, lijkt activiteit in PFC voorspellend voor latere subjectieve 
zekerheid tijdens het terughalen van herinneringen, waarschijnlijk door middel van top-down 
modulaties (zie Hoofdstuk 4). Tezamen laten de studies van de eerste arm zien dat gebieden in de 
MTL en PFC bijdragen aan de formatie van episodisch geheugen door middel van meerdere te 
onderscheiden constructieve processen.
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In de tweede arm worden vier fMRI studies beschreven die zich richtten op adaptieve 
eigenschappen van mediaal-temporale en prefrontale geheugensystemen onder interferende ruis en 
acute stress. De resultaten van Hoofdstuk 5 tonen aan dat hippocampale activiteit gerelateerd aan 
geheugenformatie afneemt om interfererende ruis te onderdrukken. Een soortgelijk effect werd 
gezien in de hippocampus en de middenhersenen tijdens geheugenformatie voor neutrale informatie 
binnen een stressvolle context (Hoofdstuk 6). Om de adaptieve eigenschappen van prefrontale top- 
down modulaties te onderzoeken richtten twee studies (Hoofdstuk 7 en 8) zich vervolgens specifiek 
op werkgeheugen-gerelateerde processen terwijl proefpersonen werden blootgesteld aan een acute 
stressor. Zoals beschreven in Hoofdstuk 7 leidde acute stress tot een verlaging van werkgeheugen- 
gerelateerde activiteit in de dorsolaterale PFC. Deze stress-gerelateerde verandering van 
werkgeheugen-gerelateerde activatie bleek bovendien afhankelijk van een genetische variatie in 
catecholaminerge functie (bepaald door het COMT genotype), met een relatief negatief effect van 
stress in Met homozygoten tegenover een relatief positief effect in dragers van het Val allel 
(Hoofdstuk 8). Tezamen laten de studies in de tweede arm zien dat het functioneren van de MTL en 
de PFC zich snel kan aanpassen aan de eisen van snel veranderende omgevingen, en dat 
catecholamines een belangrijke rol spelen in dergelijke veranderingen.
10.2.3 Conclusies
Uit de eerste arm van dit proefschrift kan de conclusie getrokken worden dat gebieden in de MTL en 
PFC bijdragen aan de formatie van episodisch geheugen door middel van diverse constructieve 
processen. De hippocampus en parahippocampale gebieden zorgen door middel van hun rol in 
itemverwerking en associatieve (relationele) processen hoofdzakelijk voor de integratie van 
verschillende aspecten van een ervaring in een coherente representatie. De ventrolaterale en 
dorsolaterale PFC daarentegen lijken bij te dragen aan geheugenformatie door hun top-down invloed 
op encoderingsprocessen in de MTL, en door het doelgericht vasthouden van representaties in het 
werkgeheugen. Door middel van deze georkestreerde bijdragen van verschillende hersengebieden 
kunnen representaties van heterogene aspecten van een ervaring efficiënt geïntegreerd worden in 
een coherente en compositionele episode, om vervolgens omgevormd te worden tot een lange- 
termijn herinnering.
De volgende conclusies kunnen getrokken worden uit de tweede arm van dit proefschrift, die 
zich richtte op het functioneren van deze circuits onder interfererende ruis of psychologische stress. 
Ten eerste blijkt dat relatief lage hippocampale activiteit voldoet tijdens associatieve 
geheugenformatie onder een hoge mate van achtergrondruis, hetgeen een belangrijke rol impliceert 
voor een "ruisonderdrukkings”-functie van de hippocampus. Daarnaast bleek dat acute stress een 
negatief effect heeft op zowel het functioneren van de hippocampus en de PFC, een bevinding die 
waarschijnlijk verklaard kan worden uit hyperactivatie van catecholaminerge systemen. Stress- 
gerelateerde veranderingen in prefrontale werkgeheugenfuncties bleken bovendien te verschillen
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tussen individuen afhankelijk van de aanwezige niveaus van catecholamines (bepaald door COMT 
genotype). Deze bevindingen suggereren daarom dat adaptieve veranderingen in de MTL en de PFC 
geheugensystemen gemedieerd worden door veranderingen in catecholaminerge regulering. Deze 
mechanismen lijken derhalve de basis te vormen voor de flexibiliteit van het menselijk episodisch 
geheugensysteem dat ons in staat stelt ons aan te passen aan snel veranderende omstandigheden.
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Color Figures
Figure 1.2 The MTL regions and the PFC are involved in episodic memory formation. The MTL, consisting of 
the hippocampus and its surrounded rhinal (perirhinal and entorhinal) and parahippocampal cortices, and 
the lateral PFC show similar activation related to successful memory formation. Adapted from (Fernandez and 
Tendolkar, 2001)
Figure 4.2 Brain activation 
related to subsequent 
subjective and objective 
measures of memory 
strength in the parametric 
models. Statistical
parametric maps are 
overlaid onto a high­
resolution T1 template in 
MNI152 space (cluster-level 
p < 0.05, corrected). (A) 
Areas exhibiting a positive 
correlation with subjective 
memory strength (i.e., 
subsequent ratings of 
confidence), including the
left ventral lateral PFC (marked by a circle; left upper panel) and the left temporoparietal junction (left lower); 
(B) Areas exhibiting a positive (partial) correlation with objective memory strength (i.e., accuracy scores of 
detail memory), including the left hippocampus (marked by a circle; right upper panel) and the bilateral 
parahippocampal cortex (right lower). Notes: PFC, prefrontal cortex; L, left; P, posterior.
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Figure 4.3 Data from the 
categorical model showing the left 
ventral lateral PFC and the MTL 
activity associated with subjective 
and objective memory strength. (A) 
Left panel: The left ventral lateral 
prefrontal activity showed a main 
effect of subjective but not 
objective memory strength; Right 
panel: Combination of anatomically 
defined (coded in light gray) and 
functionally defined (i.e. overall 
activation vs. fixation; coded in 
red) ventral lateral PFC overlaid 
onto a high-resolution T1 template.
(B) Left panel: Anatomically 
defined bilateral hippocampus 
(coded in red) and bilateral PHC 
(coded in blue) overlaid onto a 
high-resolution T1 template. Right 
panel: Hippocampal (right upper) 
as well as parahippocampal (right 
lower) activity predicted 
subsequent objective regardless of 
subjective memory strength.
Time (s) relative to picture onset
Figure 6.3 Pupil dilation responses 
related to memory formation in the stress 
and the control group. Pupil dilation 
responses were normalized with respect 
to the pre-stimulus baseline (-1 to 0 s) and 
averaged across encoding trials that were 
later forgotten and those that were later 
remembered for the two experimental 
groups. Notes: R, encoding trials later 
remembered; F, encoding trials later 
forgotten; Stress, stress group; Control, 
control group; *, p < 0.05. See appendix for 
color figures.
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A Memory (SME) Right hippocampus
Midbrain
Figure 6.4 Modulations of stress 
on hippocampal and midbrain 
activity related to memory 
formation. Statistical parametric 
maps are superimposed onto 
spatially normalized single 
subject high-resolution T1- 
weigted canonical images 
(thresholded at p < 0.001 , 
uncorrected, for visualization 
purposes). (A) Sagittal view of 
activation in the right 
hippocampus related to main 
effect of memory (SME) across 
the two groups; (B)
Averaged beta values in the right
hippocampus representing trials later remembered and forgotten for both groups; (C) Coronal (upper) and 
sagittal (lower) view of suprathreshold clusters in the midbrain for the interaction effect between memory 
and stress; (D) Averaged beta values extracted from an anatomically defined midbrain mask representing 
trials later remembered and forgotten for both groups. Notes: Stress, stress group; Control, control group; 
SME, subsequent memory effect; R, encoding trials later remembered; F, encoding trials later forgotten.
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Figure 7.3 Brain regions involved in 
working memory in general (shown in 
blue, thresholded at p < 0.05, whole- 
brain family-wise error corrected) and 
reduced activation in the dorsolateral 
prefrontal cortex (DLPFC) in the stress 
(vs. control) group (coded in red, 
thresholded at p < 0.001, uncorrected, 
for visualization purposes). Statistical 
parametric maps are superimposed onto 
spatially normalized and averaged (n = 
27) high-resolution Tl-weighted images. 
(A) Coronal view of activation in the 
bilateral DLPFC (left panel) and 
transversal view of activation in the 
right DLPFC (right panel; marked by 
white circle). (B and C) Bar graphs representing parameter estimates of 0- and 2-back conditions for the 
stress induction and the control groups in the left and right DLPFC. Parameter estimates were extracted 
from brain regions coded in red.
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Figure 9.1 Basic neurocognitive processes mediated by regions in the MTL and the PFC in episodic memory 
formation and their adaptive properties. The MTL consists of the hippocampus and surrounded rhinal 
(perirhinal and entorhinal) and parahippocampal cortices. The lateral PFC includes ventrolateral and 
dorsolateral regions. The inverted U-shaped curve represents the relationship between levels of noise or 
stress (or catecholamines) and neurocognitive functioning. Notes: MTL, medial temporal lobe; PFC, 
prefrontal cortex; 'f', optimized phasic neural activation; 'j', reduced phasic neural activation; 'rotating 
arrows', orgonalization between PFC and MTL; '?', uninvestigated questions.
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